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ABSTRACT
Two g e n e r a l  m e th o ds  f o r  r e a l i z i n g  h i g h - o r d e r  
d e l a y  a p p r o x i m a t i o n  f u n c t i o n s  by RC a c t i v e  n e tw o r k s  a r e  
d e s c r i b e d .  One i s  t o  c a s c a d e  s i m p l e  l o w - o r d e r  s e c t i o n s ,  
e a c h  s e c t i o n  b e i n g  t e r m i n a t e d  by a  s u i t a b l e  a m p l i f i e r  f o r  
d i r e c t  c a s c a d i n g s  t h e  o t h e r  i s  t o  a p p l y  a d d i t i o n a l  f e e d ­
f o r w a r d  p a t h s  t o  a  c a s c a d e d  n e t w o r k .  The s e c o n d  m ethod  
h a s  p a r t i c u l a r  a d v a n t a g e s  o v e r  t n e  f i r s t  f o r  r e a l i z i n g  
a  h i g h - o r d e r  t r a n s f e r  f u n c t i o n  h a v i n g  t r a n s m i s s i o n  z e r o s  
i n  t h e  r i g h t -  h a l f  S - p l a n e . .  The a m p l i f i e r s  u s e d  h e r e  a r e  
u n i t y - g a i n  and o p e r a t i o n a l  a m p l i f i e r s .
Some b a s i c  t r a n s p o s i t i o n  p r o p e r t i e s  o f  a n  a c t i v e  
n e t w o r k  h a v e  b e e n  d i s c o v e r e d  and  a p p l i e d  t o  t h e  s y n t h e s i s  
p r o c e d u r e s .
A new RC a c t i v e  m ethod  o f  r e a l i z i n g  a n  RL a d m i t t a n c e  
and  i t s  a p p l i c a t i o n  t o  s y n t h e s i s ,  g i v e  t h e  minimum s e n s i t i -  
. v i t y  o f  t h e  d e n o m i n a t o r  c o e f f i c i e n t s  o f  a  t r a n s f e r  f u n c t i o n  
t o  v a r i a t i o n s  i n  t h e  p a r a m e t e r s  o f  t h e  a c t i v e  e l e m e n t .
A new t w o - o p e r a t i o n a l - a m p l i f i e r  m ethod  i s  d e r i v e d  
f ro m  M i l l m a n ’s t h e o r e m ,  and  a  r e a l i z a t i o n  o f  a n  RL 
a d m i t t a n c e  u s i n g  two o p e r a t i o n a l  a m p l i f i e r s  i s  d e r i v e d  a s  
a n  e x t e n s i o n  o f  m e th o d s  u s i n g  one f i n i t e - g a i n  a m p l i f i e r .
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INTRODUCTION
A t i m e - d e l a y  u n i t  i s  f r e q u e n t l y  r e q u i r e d  i n  c o n t r o l -  
s y s t e m  s i m u l a t i o n  f o r  t r a n s p o r t a t i o n - d e l a y . T h i s  may 
a l s o  be a p p l i e d  t o  sound  b r o a d c a s t i n g  t o  g i v e  a n  
a r t i f i c i a l  d e l a y .  The o r d e r  o f  s u c h  d e l a y s  i s  r o u g h l y  
i n  t h e  r a n g e  o f  I s  -  1ms.
V a r io u s  m ethods  o f  g e n e r a t i n g  a  d e l a y  a r e  p o s s i b l e .
They i n c l u d e  t r a n s p o r t a t i o n  m ethods^"*3, s w i t c h i n g  m e t h o d s ^ 81;
54 60 35and n e t w o r k s ,  p a s s i v e  * o r  a c t i v e  . The d i f f i c u l t y
o f  t h e  t r a n s p o r t a t i o n  m ethod  i s  t h e  c o m p l e x i t y  o f  s p e e d -
c o n t r o l l e d  d r i v e  and t h e  m o d u l a t i o n  and d e m o d u l a t i o n
s y s t e m ;  i n  t h e  s w i t c h i n g  m ethod  t h e  d i s t o r t i o n  o f  c h a r g i n g
and d i s c h a r g i n g  a  c h a i n  o f  c a p a c i t o r s  i s  i n e v i t a b l e .  P a s s i v e
n e tw o r k s  i n v o l v e  RLC e l e m e n t s  where  t h e  i n d u c t o r  i s  out--
o f  f a v o u r  when w o r k in g  a t  v e r y  low  f r e q u e n c i e s  ( e . g . l c / s ) .
RC a c t i v e  n e tw o r k s  c o n s i s t i n g  o f  a m p l i f i e r s  and  RC e l e m e n t s
seem t o  be p r e f e r a b l e  f ro m  t h e  v ie w  p o i n t  o f  s i m p l i c i t y
and c o s t .
I n  t h i s  t h e s i s ,  we u s e  a n  RC a c t i v e  n e t w o r k  t o  s i m u l a t e  
t h i s  d e l a y .  The f i r s t  p r o b le m  i n v o l v e d  i s  a p p r o x i m a t i n g  
t o  a  t i m e - d e l a y .  S i n c e  the d e l a y  f u n c t i o n  e“  i s  a
-  12  -
t r a n s c e n d e n t a l  f u n c t i o n  w h ic h  c a n  o n l y  "be r e a l i z e d  "by a 
d i s t r i b u t e d  n e t w o r k ,  and we a r e  u s i n g  a  lumped n e t w o r k ,  r a t i o n - !  
a l - f u n c t i o n  a p p r o x i m a t i o n s  a r e  n e e d e d .  I n  C h a p t e r  1 a  b r i e f  :
s u r v e y  o f  s u c h  a p p r o x i m a t i o n s ,  and  a l s o  a  new c u r v e - f i t t i n g  
m ethod s u g g e s t e d  by Ream, a r e  d e s c r i b e d .
The s e c o n d  p r o b le m  i s  t h e  r e a l i z a t i o n  p r o b l e m .
To r e a l i z e  a  h i g h - o r d e r  d e l a y  a p p r o x i m a t i o n  f u n c t i o n ,  
two g e n e r a l  m e tho d s  a r e  s u g g e s t e d  i n  t h i s  t h e s i s :  f i r s t ,
d i r e c t  c a s c a d i n g  o f  l o w - o r d e r  s e c t i o n s  w i t h o u t  i s o l a t i n g  j
I
a m p l i f i e r s  ( C h a p t e r s  3^and  5 ) ;  s e c o n d ,  a  more e l e g a n t  way j
o f  a p p l y i n g  a d d i t i o n a l  f e e d f o r w a r d  p a t h s  t o  a  d i r e c t l y  |
c a s c a d e d  n e tw o r k  ( C h a p t e r  6 ) .  The l a t t e r  i s  p a r t i c u l a r l y  j
f a v o u r a b l e  f o r  r e a l i z i n g  a  h i g h - o r d e r  t r a n s f e r  f u n c t i o n
!
h a v i n g  z e r o s  i n  t h e  r i g h t  h a l f  S - p l a n e .  j
C h a p t e r  2 d e s c r i b e s  some t r a n s p o s i t i o n  p r o p e r t i e s  
o f  a n  a c t i v e  n e t w o r k ,  w h ic h  a r e  b e l i e v e d  t o  be o r i g i n a l .
|
These  e n a b l e  u s  t o  t r a n s f o r m  a  v o l t a g e  r e a l i z a t i o n  imme- |
d i a t e l y  t o  a  c u r r e n t  a n a l o g u e  o r  v i c e  v e r s a .  A c o n f i g u r a t i o n  
u s i n g  a c u r r e n t - c o n t r o l l e d  c u r r e n t  s o u r c e  i s  more s u i t a b l e  !
f o r  t r a n s i s t o r  c i r c u i t r y ,  b e c a u s e  a  t r a n s i s t o r  h a s  a  low  j
i n p u t  im pedance  and  a h i g h  o u t p u t  im pedan ce  i n  t h e  common- j
b a s e  c o n f i g u r a t i o n ,  and  i t s  a m p l i f i c a t i o n  i s  t h e n  l e a s t  j
s e n s i t i v e  t o  p a r a m e t e r  v a r i a t i o n s .  Su ch  t r a n s i s t o r  I
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a m p l i f i e r s  a r e  u s e d  i n  C h a p t e r s  3 and  4 t o  s i m u l a t e  t h e  
u n i t y - g a i n  c u r r e n t - c o n t r o l l e d  c u r r e n t  s o u r c e s .
The RC a c t i v e  n e tw o r k  s y n t h e s i s  m e th o ds  d e s c r i b e d  
h e r e  a r e  m a i n l y  d i v i d e d  i n t o  two g r o u p s :  one u s i n g
u n i t y - g a i n  a m p l i f i e r s  ( C h a p t e r s  3 and 4 ) ,  an d  t h e  o t h e r  
u s i n g  o p e r a t i o n a l  a m p l i f i e r s  ( C h a p t e r s  5? 6 and  7 ) .
C h a p t e r  3 c o n s i s t s  o f  m e tho d s  d e r i v e d  f rom
5
B a l a h a n i a n  and P a t e l ' s  c i r c u i t  u s i n g  a  f i n i t e - g a i n  
a m p l i f i e r .  I t  a l s o  e s t a b l i s h e s  t h e  e s s e n t i a l  p r o p e r t y  
o f  a  u n i t y - g a i n  a m p l i f i e r  and  t h e  e a s e  o f  s i m u l a t i o n  
( S e c t i o n  3 -9 )*  C h a p t e r  4 d e a l s  w i t h  a  new m ethod  o f  
r e a l i z a t i o n  o f  a RL d r i v i n g - p o i n t  a d m i t t a n c e  and i t s  
a p p l i c a t i o n  i n  n e t w o r k  s y n t h e s i s .  T h i s  g i v e s  a  p o s s i b i ­
l i t y  o f  o b t a i n i n g  t h e  minimum s e n s i t i v i t y  o f  t h e  d e n o m i n a t o r  
c o e f f i c i e n t s  o f  a  t r a n s f e r  f u n c t i o n  t o  v a r i a t i o n s  i n  t h e  
a c t i v e  e l e m e n t  p a r a m e t e r .
M ethods  o f  u s i n g  one o p e r a t i o n a l  a m p l i f i e r  i n  
C h a p t e r  5 a r e  m a i n l y  d e r i v e d  f rom  t h e  f i n i t e - g a i n -  
a m p l i f i e r  m eth o ds  o f  C h a p t e r  3 ,  t h o u g h  when t h e  g a i n  
becomes i n f i n i t e  many f i n i t e - g a i n  c o n f i g u r a t i o n s  l o s e  
t h e i r  u s e f u l n e s s .  C h a p t e r  6 d e a l s  w i t h  new m eth o d s  f c r  
r e a l i z i n g  h i g h - o r d e r  d e l a y  a p p r o x i m a t i o n s .  O p e r a t i o n a l
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a m p l i f i e r s  a r e  u s e d  m e r e l y  f o r  e a s e  o f  i l l u s t r a t i o n .  Two 
new m etho d s  u s i n g  two o p e r a t i o n a l  a m p l i f i e r s  a r e  d e s c r i b e d  
i n  C h a p t e r  7° one i s  d e r i v e d  f rom  M i l l m a n ’s t h e o r e m ,  and 
t h e  o t h e r  i s  a  r e a l i z a t i o n  o f  an  RL a d m i t t a n c e .
C la im  t o  o r i g i n a l i t y
C h a p t e r  2 i s  t h e  m a jo r  o r i g i n a l  work  o f  t h e  p r e s e n t
a u t h o r .  C h a p t e r  4 d e a l s  w i t h  a  new m ethod  o f  r e a l i z i n g  an
RL a d m i t t a n c e  u s i n g  a n  RC a c t i v e  b r i d g e  n e t w o r k ,  and  some
a p p l i c a t i o n s  o f  s u c h  a n e t w o r k ’i n  s y n t h e s i s ,  b u t  t h e  i d e a
2 2 ,2 3o f  u s i n g  a n  RL a d m i t t a n c e  i s  due t o  H o r o w i t z  7
Ream i n t r o d u c e d  t h e  m u l t i p l e  f e e d f o r w a r d  m ethod
( S e c t i o n  6 . 4 )  t o  t h e  a u t h o r  who t h e n  d e r i v e d  a  b e t t e r
m ethod  ( S e c t i o n  6 . 3 . 2 )  f ro m  a more g e n e r a l  s y s t e m
( S e c t i o n  6 . 2 ) .  The a p p l i c a t i o n  o f  M i l l m a n ’ s t h e o r e m  i n
46S e c t i o n  7 . 2  was new a t  t h e  t i m e ,  a l t h o u g h  P a u l  h a s  s i n c e  
p u b l i s h e d  i t  i n d e p e n d e n t l y . S e c t i o n  7 . 3  i s  an  e x t e n s i o n  
o f  t h e  new r e a l i z a t i o n  o f  a n  RL a d m i t t a n c e  ( S e c t i o n  4 . 2 )  
u s i n g  two o p e r a t i o n a l  a m p l i f i e r s .
C h a p t e r  3 g i v e s  t h e  m o d i f i c a t i o n s  o f  B a l a h a n i a n  
and P a t e l ’ s c i r c u i t  t o  a l l o w  u n i t y - g a i n  a m p l i f i c a t i o n .
Some c o n f i g u r a t i o n s  a r e  new, and i n  p a r t i c u l a r  S e c t i o n  3 . 9  
g i v e s  a  v e r y  c o n v e n i e n t  t r a n s f e r  f u n c t i o n  and a  new s i m p l e
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s y n t h e s i s  p r o c e d u r e  f o r  any  f o u r t h - o r d e r  t r a n s f e r  f u n c t i o n .  
C h a p t e r  5 i s  j u s t  t h e  p r e l i m i n a r y  work o f  C h a p t e r  6 , h u t  
t h e  o n e - o p e r a t i o n a l - a m p l i f i e r  m e th o ds  a r e  c o n s i d e r e d  a s  
s p e c i a l  c a s e s  o f  f i n i t e - g a i n - a m p l i f i e r  m e t h o d s .
E x p e r i m e n t a l  d e t a i l s
S im p le  common-base t r a n s i s t o r  a m p l i f i e r s  (ACY30, S . T . C . )  
a t  a u d i o  f r e q u e n c i e s  were  u s e d  f o r  t h e  u n i t y - g a i n  c u r r e n t  
a m p l i f i e r s  ( S e c t i o n s  3*4? 3*8 ,  3 .9 ?  4 . 3  and 4 . 4 ) 1  The 
c u r r e n t  g a i n  i s  a b o u t  0 . 9 8  o r  b e t t e r .  I n p u t  im p ed ance  i s  
o f  t h e  o r d e r  o f  2 8 /l w i t h o u t  e x t e r n a l  f e e d b a c k ,  and t h e  
o u t p u t  im ped an ce  l o o k i n g  i n t o  t h e  c o l l e c t o r  and  b a s e  
t e r m i n a l s  i s  o f  t h e  o r d e r  o f  5 0 k i i  . The B .C .  o p e r a t i n g  
p o i n t  i s  k e p t  a t  V ^  = 12v  and  1^ = 1mA. Due t o  t h e  B.C .  
b i a s ,  b l o c k i n g  c a p a c i t a n c e s  were  i n t r o d u c e d  i n  t h e  t r a n s i s t o r  
c i r c u i t s ,  w h ic h  l i m i t s  t h e  f r e q u e n c y  r e s p o n s e  c u r v e s  o f  
t h e  l o w - p a s s  f i l t e r s  and  t h e  a l l - p a s s  n e t w o r k .  I f  a  
n e tw o r k  h a s  t o  be o p e r a t e d  down t o  B . C . ,  a  more e l a b o r a t e  
d i r e c t - c o u p l e d  u n i t y - g a i n  a m p l i f i e r  h a s  t o  be u s e d .
The m e a s u r e m e n ts  o f  a m p l i t u d e  and phase ,  a s  f u n c t i o n s  
o f  f r e q u e n c y ,  f o r  t h e  t r a n s i s t o r  c i r c u i t s  were  o b t a i n e d  
by usir^g t h e  R e s o l v e d  Component I n d i c a t o r '  (Model VP 2 50 ,
2 0 c / s  -  2 0 k c / s ,  S o l a r t r o n )
-  16  -
A c c u r a c y  o f  i n d i c a t i o n :  + 2$ o f  f u l l  s c a l e  on a l l
r a n g e s
I n p u t  im p e d a n c e :  G r e a t e r  t h a n  50MJ1 i n  p a r a l l e l  w i t h
a p p r o x i m a t e l y  15pP f o r  b o t h  s i g n a l  
and r e f e r e n c e  i n p u t  
N o i s e  and h a rm o n ic  r e j e c t i o n :  B e t t e r  t h a n  40dB down
The o p e r a t i o n a l  a m p l i f i e r s  u s e d  i n  S e c t i o n  6 . 3 . 2  and 
6*4 w ere  t a k e n  f ro m  a n  a n a l o g u e  c o m p u te r  (CD 1 0 ,  S o l a r t r o n ) .  
Model : AA 1054 S o l a r t r o n
G a in  : 10^  a t  D.C.
1 0 4 a t  lOOo/s  
D a i l y  d r i f t  : T y p i c a l l y  2 0 jav
O u t p u t  : lOOv a t  10mA max.
N o is e  : L e s s  t h a n  100 ,
^Frequency r e s p o n s e  c u r v e s  were  o b t a i n e d  by u s i n g  
t h e  R e s o l v e d  Component I n d i c a t o r  (Model VP 253? 0 . 5 c / s  -  
l k c / s ,  S o l a r t r o n ) .  The s p e c i f i c a t i o n s  a r e  a b o u t  t h e  same 
o r d e r  a s  t h o s e  f o r  t h e  VP 250 .
-  17  -
CHAPTER 1 
SURVEY OF DELAY APPROXIMATIONS
1 . 1  G-eneral  s u r v e y  o f  t h e  l i t e r a t u r e
A p u r e  d e l a y  T i s  r e p r e s e n t e d  by t h e  t r a n s f e r  f u n c t i o n  
e . T h i s  f u n c t i o n  i s  t r a n s c e n d e n t a l  and  i t  c a n  o n l y  
be r e a l i z e d  a p p r o x i m a t e l y  by  a  lumped  n e t w o r k .  Many 
r a t i o n a l - f u n c t i o n  a p p r o x i m a t i o n s  h av e  b e e n  s u g g e s t e d  i n  
t h e  l i t e r a t u r e .
A l t h o u g h  t h i s  t h e s i s  i s  n o t  p r i m a r i l y  c o n c e r n e d  w i t h  
t h e  a p p r o x i m a t i o n  p r o b l e m ,  a  b r i e f  s t u d y  was made o f  
a p p r o x i m a t i o n s  i n  t h e  f r e q u e n c y  dom ain  t o  a r g  (e*~^*'t) ~ —<^ 7  ^
a s s u m in g  t h a t  t h e  m odu lus  I = 1 i s  r e a l i z e d  e x a c t l y .
One s u c h  a p p r o x i m a t i o n ,  b e l i e v e d  t o  be  new, i s  d e s c r i b e d  
i n  S e c t i o n  1 . 2 .
We d e f i n e  a  l o w - p a s s  t r a n s f e r  f u n c t i o n  a s  a  f u n c t i o n  
whose m a g n i t u d e  d e c r e a s e s  w i t h  i n c r e s i n g  f r e q u e n c y ,  and 
a n  a l l - p a s s  t r a n s f e r  f u n c t i o n  a s  one whose m a g n i t u d e  i s  
c o n s t a n t  ( n o r m a l l y  u n i t y )  a t  a l l  f r e q u e n c i e s .
The p u b l i s h e d  m e th od s  o f  a p p r o x i m a t i n g  a  d e l a y  c a n
be d i v i d e d  r o u g h l y  i n t o  t h e  f o l l o w i n g  g r o u p s  a c c o r d i n g
- 1 8 . -
t o  t h e  c o n d i t i o n s  s a t i s f i e d .
We f i r s t  d e f i n e  two k i n d s  o f  d e l a y .  l e t  a  t r a n s f e r  
f u n c t i o n  he  P ( S )  and i t s  a rg u m e n t  ^(«a>) = a r g  -
We d e f i n e  p h a s e  d e l a y  as
— ii ( C,-,l) . (. ,  NL = y  s ay  ( 1 . 1 . 1 ;u> 6P J
and  g r o u p  ( e n v e l o p e )  d e l a y  a s
-  ■?(<->) = s a y  ( 1 . 1 . 2 )
Group d e l a y  h a s  b e e n  u s e d  more f r e q u e n t l y  b e c a u s e ,  i f
F ( S )  i s  r a t i o n a l ,  g r o u p  d e l a y  i s  a . lso  a r a t i o n a l  f u n c t i o n  
o f  w ,  w h e r e a s  p h a s e  d e l a y  i s  a  t r a n s c e n d e n t a l  f u n c t i o n .
1 . 1 . 1  M a x i m a l l y - f l a t  p h a s e  a p p r o x i m a t i o n  ( B e s s e l  P o l y n o m i a l )
T h o m s o n ^ ’ ^  c o n s i d e r e d  t h e  l o w - p a s s  c a s e  P ( S )  = 
w here  H^CfS) i s  a  p o l y n o m i a l  o f  d e g r e e  n .  He 
d e f i n e d  d e l a y  by ( 1 . 1 . 2 ) , and e x p an d e d  i t  i n  t h e  fo rm
= T(l+a,u>2 + a9io4 + . . . )  (1-1 .3)g -L c.
The d e l a y  h e r e  can  be  t a k e n  e i t h e r  a s  a  g ro u p  d e l a y  o r  
a p h a s e  d e l a y  s i n c e  i f  one i s  m a x i m a l ly  f l a t ,  so i s  t h e  
o t h e r .
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where  1' i s  t h e  z e r o  f r e q u e n c y  d e l a y  and t h e  a ' s  a r e  
c o n s t a n t s .  To o b t a i n  m axim al  f l a t n e s s  w i t h  n  a v a i l a b l e  
d e s i g n  p a r a m e t e r s ,  t h e s e  m u s t  be c h o s e n  s u c h  t h a t  'a-, =_L.
a 0 — » . . . a 0 .2 n  ,
T h i s  i s  e q u i v a l e n t  t o  r e q u i r i n g  t h e  f i r s t  2 n - l
d e r i v a t i v e s  o f  t h e  d e l a y  w i t h  r e s p e c t  t o  f r e q u e n c y  t o
v a n i s h  a t  t h e  o r i g i n .  T h i s  l e a d s  t o  a  p o l y n o m i a l  H ^ ^ S )
47w h ic h  i s  r e l a t e d  t o  B e s s e l  f u n c t i o n s  and  t h i s  c l a s s
o f  l o w - p a s s  t r a n s f e r  f u n c t i o n  i s  known a s  a B e s s e l  f i l t e r .
54 69S t o r c h  and  W ein b e rg  ^ a l s o  d e s c r i b e d  t h e  p r o p e r t i e s
o f  B e s s e l  p o l y n o m i a l s  t o  a p p r o x i m a t e  d e l a y  i n  a  m a x i m a l ly
f l a t  m anner  a t  t h e  o r i g i n .
1 . 1 . 2  Bade a p p r o x i m a t i o n
 ^ 41 6 6The Bade a p p r o x i m a t i o n  9 m i n i m i s e s  t h e  e r r o r  i n
E (S )  i n  t h e  T a y l o r  s e n s e  a t  S = . 0 .  T h i s  l e a d s  t o  a
c o l l e c t i o n  o f  r a t i o n a l  f u n c t i o n s  o f  d i f f e r e n t  o r d e r  known
t
a s  t h e  Bade t a b l e .  The e x p o n e n t i a l  f u n c t i o n  may be 
a -pp rox im a ted  a s
e = —----------  ( 1 . 1 . 4 )
Q Crs)nmv J
where  P (x )  = 1 + - S _  * + °Lf e = 3 j L - _  § 1  +nmv 7 m+H II  (m+n)(m+n-1) 2 ?
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mm ( m - l ) (m -2 ) . . . 1  x 
.m+n) ( m+n-1 ) . . ( n+1 ) ml
When n  = 0 ,  t h e  Pade a p p r o x i m a n t s  r e d u c e  t o  t h e
T a y l o r  s e r i e s .  But  f o r  n > 5 ,  t h e y  h a v e  z e r o s  i n  t h e
1r i g h t - h a l f  S - p l a n e  , and so — rzrsr i s  u n s t a b l e .
P0mU b ;
When n  f  m t h e  p h a s e / f r e q u e n c y  and  g a i n / f r e q u e n c y  
c h a r a c t e r i s t i c s  a r e  n o t  t h e m s e l v e s  m a x i m a l ly  f l a t  f u n c t i o n s  
o f  u). When m = n ,  h o w e v e r ,  t h e  g a i n  i s  u n i t y  and t h e  
p h a s e / f r e q u e n c y  c h a r a c t e r i s t i c  i s ,  i n  a  s e n s e ,  m a x i m a l ly  
f l a t  a t  i&= 0 .  The p h a s e / f r e q u e n c y  c h a r a c t e r i s t i c  t h e n  
h a s  a  b a n d w i d t h  d o u b l e  t h a t  o f  t h e  B e s s e l  f i l t e r  w i t h  
t h e  same v a l u e  o f  n ,  
i . e .  Hn ( t S )  = Pn n ( i ? S )
The B e s s e l  f i l t e r  h a s  a  f a i r l y  good s t e p  r e s p o n s e  
and  p o o r  g a i n / f r e q u e n c y  c h a r a c t e r i s t i c ;  t h e  a l l - p a s s
r
Pade  a p p r o x i m a n t  h a s  t h e  r e v e r s e .  We now i n t r o d u c e  a  
com prom ise  a p p r o x i m a t i o n  whose p h a s e / f r e q u e n c y  c h a r a c t e r i s t  
i s  s t i l l  m a x i m a l ly  f l a t .
1 . 1 . 3  B u d a k ' s  a p p r o x i m a t i o n
11  —Budak i n t r o d u c e d  a p a r a m e t e r  k  t o  s p l i t  e 0
i n t o  two p a r t s :
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, -T S  f e~k rS  1 , 0 <k41  ( 1 . 1 . 5 )
“ 1 e- ( k - l ) t S j
and th e n  approx im ated  hy H (k tS )  and e ^ "
by H { ( k - l ) t S } .  I f  n>m, ( 1 . 1 . 5 )  h a s  f i n i t e  z e r o s  and  
t h i s  g e t s  r i d  o f  t h e  i n i t i a l  s t e p  ( o r  s p i k e )  i n  t h e  s t e p  
r e s p o n s e  t o  an  a l l - p a s s  B ( S ) .  A l s o  t h e  e f f e c t  o f  k i s  
t o  i n c r e a s e  t h e  b a n d w i d th  o f  t h e  g a i n / f r e q u e n c y  c h a r a c t e r i s t i c  
o v e r  t h a t  o f  t h e  B e s s e l  f i l t e r  w i t h o u t  a f f e c t i n g  t h e  m a x i m a l l y -  
f l a t  n a t u r e  o f  t h e  p h a s e .
1 . 1 . 4  S c a n I a n Ts a p p r o x i m a t i o n  
49S c a n l a n  i n t r o d u c e d  a n  e m p i r i c a l  a p p r o x i m a t i o n  t o  
t h e  B e s s e l  f i l t e r .  The n  p o l e s  a r e  l o c a t e d  on a  c i r c l e  
i n  t h e  S - p l a n e  a s  shown i n  F i g . 1 . 1 .  B or  n$5 t h e y  a r e  
f a i r l y  c l o s e  t o  t h o s e  o f  t h e  B e s s e l  f i l t e r  and g i v e  n e a r l y  
t h e  same a m p l i t u d e  and p h a s e  c h a r a c t e r i s t i c s .  Bor  n  = 1 
and n  = 2 , t h e y  a c t u a l l y  c o i n c i d e .
1 • 1 • 5  E q u a l - r i p p l e  a p p r o x i m a t i o n
A C h e b y sh e v  a p p r o x i m a t i o n  ( t o  e i t h e r  p h a s e  o r  
g ro u p  d e l a y )  m i n i m i s e s  t h e  maximum v a l u e  o f  e r r o r  f o r  a  
g i v e n  b a n d w i d t h ,  o r  e l s e  p r o v i d e s  maximum b a n d w i d t h  f o r  
a g i v e n  maximum e r r o r .  The a p p r o x i m a t i o n  i s  o s c i l l a t o r y
-  22  -
l / n
1 2/ n 
7  2/ n
r a d i u sn - 1
where  E.  a r e  r a d i i  t ol / n
Pade  p o l e s
P i g . 1 . 1  P o l e  d i s t r i b u t i o n  o f  S c a n l a n ! s e m p i r i c ?
a p p r o x i m a t i o n  t o  m a x i m a l l y - f l a t  d e l a y
i n  t h e  a p p r o x i m a t i o n  h a n d .  T h is  g i v e s  a  b e t t e r
a p p r o x i m a t i o n  o v e r  a  f i n i t e  r a n g e  w i t h i n  g i v e n  e r r o r -
l i m i t s  w h e r e a s  t h e  m a x i m a l l y - f l a t  a p p r o x i m a t i o n  i s  o n l y
t h e  b e s t  a p p r o x i m a t i o n  t o  a  f u n c t i o n  a t  a  g i v e n  p o i n t .
The C h e b y sh e v  r e d u c e s  t o  t h e  m a x i m a l l y - f l a t  when t h e
e r r o r  o r  b a n d w i d t h  -*-0 .
The C h e b y sh e v  a p p r o x i m a t i o n  t o  t h e  g ro u p  d e l a y  o f
a r a t i o n a l  t r a n s f e r  f u n c t i o n  y i e l d s  a s e t  o f  n o n l i n e a r
s i m u l t a n e o u s  e q u a t i o n s  f o r  t h e  c o e f f i c i e n t s .  T hese
e q u a t i o n s  h a v e  b e e n  s o l v e d  i t e r a t i v e l y  f o r  t h e  l o w - p a s s
1 31 67c a s e  on a  d i g i t a l  c o m p u te r  ’ ’ 9 . The p h a s e / f r e q u e n c y
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c h a r a c t e r i s t i c  t e n d s  t o  d r i f t  away f ro m  t h e  s t r a i g h t '  
l i n e  = - ^ ( P i g . 1 . 8 )
No e q u a l - r i p p l e  p h a s e  d e l a y  a p p r o x i m a t i o n  ha.s b e e n  
p r o d u c e d ,  b u t  i t  i s  n o t  t h o u g h t  t h a t  t h e  r e s u l t s  w i l l  
d i f f e r  a  g r e a t  d e a l  f rom  t h e  e q u a l - r i p p l e  g r o u p - d e l a y  
a p p r o x i m a t i o n .
2Humphreys h p r o d u c e d  a  k i n d  o f  e q u a l - r i p p l e  p h a s e
a p p r o x i m a t i o n  t o  t h e  s t r a i g h t  l i n e  <p = -m*). The maximum
e r r o r  o f  p h a s e  i s  v a r i e d  b e tw e e n  two g i v e n  l i m i t s .  He 
h a s  p u b l i s h e d  t h e  r e s u l t s  and  i n d i c a t e d  t h a t  t h e  r e s u l t s
were  o b t a i n e d  by  an  i t e r a t i v e  p r o c e s s .
1 . 1 . 6  A p p r o x i m a t i o n  d e r i v e d  f ro m  a p a r t i c u l a r  p o l e  p a t t e r n
9aT h i s  a r i s e s  f r o m  t h e  p o t e n t i a l  a n a l o g u e  m e th o d .  Bode
f i r s t  u s e d  t h e  Mc o n d e n s e r - p l a t e n a n a l o g u e  i n  t h e  d e s i g n
14ao f  p h a s e  e q u a l i z e r s .  D a r l i n g t o n  lumped t h e  d i s t r i b u t e d  
c h a r g e  i n t o  p o i n t  c h a r g e s  i n  o r d e r  t o  r e a l i z e  a  g i v e n  
by a  lumped  n e t w o r k .  To a p p r o x i m a t e  a  d e l a y  he 
a r r a n g e d  t h e  p o i n t  c h a r g e s  i n  a n  i n f i n i t e  a r r a y  p a r a l l e l  
t o  t h e  i m a g i n a r y  a x i s  i n  t h e  S - p l a n e .  The r e s u l t i n g  p h a s e /  
f r e q u e n c y  c h a r a c t e r i s t i c  i s  e q u a l - r i p p l e  a b o u t  t h e  s t r a i g h t  
l i n e , ' ^ ?' ^ $ =
A t r u n c a t i o n  e r r o r  a r i s e s  when t h e  a r r a y  i s  f i n i t e .
-  24  -
1 . 1 . 7  O t h e r  a p p r o x i m a t i o n s  i n  t h e  f r e q u e n c y - d o m a i n
l o r  a  g i v e n  N t h - o r d e r  r a t i o n a l  f u n c t i o n  a p p r o x i m a t i o n ,  
we may d e f i n e  t h e  b a n d w i d th  o f  t h e  p h a s e / f r e q u e n c y  
c h a r a c t e r i s t i c  a s
2 X
w here  H i s  t h e  sum o f  t h e  d e g r e e s  o f  t h e  n u m e r a t o r  and 
t h e  d e n o m i n a t o r  p o l y n o m i a l s  o f  S .  However good t h e  p h a s e  
a p p r o x i m a t i o n ,  any  s i g n a l  f r e q u e n c y  o u t s i d e  t h i s  band  
w i l l  be p h a s e - d i s t o r t e d ,  and  so  t h e  c o n s t a n t  g a i n / f r e q u e n c y  
c h a r a c t e r i s t i c  i s  n o t  r e q u i r e d  f o r  u)>B. A l o w - p a s s  f i l t e r  
may t h e r e f o r e  be u s e d  and so  t h e  i n i t i a l  s t e p  i n  t h e  s t e p  
r e s p o n s e  o f  a n  a l l - p a s s  t r a n s f e r  f u n c t i o n  may be a v o i d e d .
B e n n e t t ^ * ^  d e s c r i b e d  a  l o w - p a s s  f i l t e r  w i t h  l i n e a r  
p h a s e  and  c o n s t a n t  g a i n  a p p r o x i m a t i o n s  i n  t h e  p a s s - b a n d .
He c o n s i d e r e d
F ( S )  = ( 1 . 1 . 7 )
if'(s)
where  N (S )  i s  t o  a p p r o x i m a t e  a  d e s i r a b l e  p h a s e  c h a r a c t e r i s t i c  
and M(S) h a s  q u a d r a n t a l  z e r o s  t o  g i v e  c o n s t a n t  p h a s e / f r e q u e n c y  
c h a r a c t e r i s t i c  f o r  s m a l l  u). M(S) i s  c h o s e n  so t h a t  | F( j 
i s  a  C h e b y sh e v  a p p r o x i m a t i o n  t o  u n i t y  i n  t h e  p a s s - b a n d .
-  25 -
1 . 1 . 8  Mixed f r e q u e n c y -  and t im e - d o m a i n  a p p r o x i m a t i o n s  
28aKuh s e t  t h e  r e q u i r e m e n t s  i n  t h e  t i m e - d o m a i n  and 
d i v i d e d  t h e  f i l t e r  i n t o  two c a s c a d e d  s e c t i o n s ,  F i g . 1 . 2 .
One i s  a  l o w - p a s s  f i l t e r  t o  p r o v i d e  a  s a t i s f a c t o r y  s t e p  
r e s p o n s e ,  and  t h e  o t h e r  i s  a n  a l l - p a s s  n e t w o r k ' t o  g i v e  t h e  
r e q u i r e d  t im e  d e l a y .  I n  t h i s  way, he im p ro v e d  t h e  r i s e
a l l - p a s sl o w - p a s s
F i g . 1*2 C a sc a d e  l o w - p a s s  and a l l - p a s s  s e c t i o n s  
t im e  o f  t h e  s t e p  r e s p o n s e .
6 AT o m l in s o n  a d o p t e d  K u h ' s  c a s c a d e  i d e a ,  h u t  o p t i m i z e d  
t h e  a p p r o x i m a t i o n  i n  t h e  f r e q u e n c y - d o m a i n .  He a p p r o x i m a t e d  
a c o n s t a n t - g a i n  c h a r a c t e r i s t i c  by a  s h a r p  c u t - o f f  l o w - p a s s  
f i l t e r  and  c o r r e c t e d  t h e  pho.se by a n  a l l - p a s s  n e t w o r k  i n  
l e a s t - m e a n - s q u a r e - e r r o r  m a n n e r .
1-. 1«9 P h a s e - f i t t i n g  m ethod
T h i s  i s  t h e  s i m p l e s t  a p p r o a c h  t o  d e t e r m i n e  a l i n e a r -  
p h a s e  f u n c t i o n ,  a l t h o u g h  i t  n e e d s  t r i a l  and  e r r o r .  Many 
c u r v e - f i t t i n g  m e th o d s  h a v e  b e e n  d e s c r i b e d  i n  t h e
-  26  -
13 33l i t e r a t u r e  and  t h e y  a r e  a l l  f o r  l o w - o r d e r  a p p r o x -
23
i m a t i o n s .  J o h n s o n  h a s  g i v e n  a  f u l l  a c c o u n t  i n  h i s  hoo k .
A n o t h e r  m e th o d ,  s u g g e s t e d  by Ream ( p r i v a t e  c o m m u n ic a t io n )  
i s  now d e s c r i b e d .
1 .2  E q u a l - s p a c i n g  p h a s e  a p p r o x i m a t i o n  and  e m p i r i c a l  r e s u l t
1 . 2 . 1  E q u a l - s p a c i n g  p h a s e  a p p r o x i m a t i o n  f o r  a l l - p a s s  E (S )
T h i s  i s  a  c u r v e - f i t t i n g  m e th o d .  The a p p r o x i m a t i o n  
i s  o b t a i n e d  by m ak in g  $(u)) p a s s  t h r o u g h  e q u i - d i s t a n t  
p o i n t s  on t h e  s t r a i g h t  l i n e  = - 1A), P i g . 1 ,3*  I t  r e q u i r e s  
o n l y  t h e  s o l u t i o n  o f  l i n e a r  s i m u l t a n e o u s  e q u a t i o n s .
u
x
—n 11
P i g . 1 . 3  P h a s e  c h a r a c t e r i s t i c  o f  e q u a l - s p a c i n g  p h a s e  
a p p r o x i m a t i o n  f u n c t i o n
-  27  -
Use t h e  n o r m a l i z e d  v a l u e T = 1 ,  t h e n  t h e  l i n e a r  p h a s e  
c h a r a c t e r i s t i c  i s  g i v e n  hy
0  = - i 0 ( 1 . 2 . 1 )
L e t  t h e  a p p r o x i m a n t  be
F ( S )  = ( 1 . 2 . 2 )
w here  P ( S )  = I  p . S  w i t h  p = 1 .  Assume n  i s  e v e n .
0 1 n
P u t t i n g  S = ju> g i v e s
- 1  *T<^(u)) = - 2 tan"
( 1 . 2 . 3 )
To f i n d  t h e  n  unknow ns ,  p ^ , . . .  , Pn - l we ■^iave 
n  s i m u l t a n e o u s  e q u a t i o n s .
$ ( r 0 ) = - r <9 r  = l , 2 , . . . , n  
w here  Q i s  c o n s t a n t  and  0 < B <
S u b s t i t u t i n g  i n t o  ( l . 2 , . 3 ) >  we o b t a i n
( P 0 -  P2 ( r ©)2 + P ^ r S ) 4" “ • • • ( ~ l ) 2n ( r a ) n ) s i n  -J-rO
= (P1 ( ^ )  “  p ^ ( r < 9 ) 5 + p 5 (r<9)5 « . . .
+ ( - l ) ^ n "’1 pn __1 ( r 6) ) n ~1 ] c o s  -J-rp
n^fi* .
o r  p .  ( r ® ) 1” s i n  i H r $ -  ( i - 1 ) m|= - ( r f i )  s i n  - ^ ( r s -n f i )
i = l  1“ 1
-  28 -
( 1 . 2 . 5 )
T h i s  c a n  be w r i t t e n  i n  m a t r i x  fo rm  as
nxn  n x l
A B C
n x l ( 1 . 2 . 6 )
w here  a  . ( r ^ ) 1 "”1 s i n  i ( r 0 -  ( i - l ) T f }
c r - ( r $ ) n  s i n  -J-( r$-nTT)
T h e r e f o r e
B = A- 1 C ( 1 . 2 . 7 )
The s e t  o f  s i m u l t a n e o u s  e q u a t i o n s  may be s o l v e d  on 
a  d i g i t a l  c o m p u te r  by means o f  a  s t a n d a r d  m a t r i x - i n v e r s i o n  
p ro g ra m .
By t h i s  means t h e  e r r o r  i n  $ can. be k e p t  r e a s o n a b l y  
s m a l l ,  up t o  a  f r e q u e n c y  c l o s e  t o  n'n/Z ( B i g .  1 . 4 ) .
The o n l y  p r e c a u t i o n  h e r e  i s  t h a t  Q m us t  n o t  be c h o s e n  t o o  
s m a l l  i n  o r d e r  t o  a v o i d  i l l - c o n d i t i o n e d  e q u a t i o n s .
1 . 2 . 2  S i m p l i f i e d  p o l e - z e r o  p a t t e r n
H ere  we g i v e  a  s e t  o f  a l l - p a s s  t r a n s f e r  f u n c t i o n s  
d e r i v e d  f ro m  p o l e - z e r o  l o c a t i o n s ,  w h i c h  g i v e  p h a s e  
c h a r a c t e r i s t i c s  n e a r  t o  t h o s e  o f  t h e  e q u a l - s p a c i n g  p h a s e  
a p p r o x i m a t i o n s .
phase error  
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P i g . 1*4 Phase e r ro r s  of t e n th -o rd e r  a l l - p a s s  equal 
spacing phase func t ions  with d i f f e r e n t  <9
-  30 -
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r e a l  axis
P i g . 1•5 Zeros of e ig h th -o rd e r  a l l - p a s s  equal-spac ing  
phase fun c t io n  with  d i f f e r e n t  <9 in  the f i r s t -  
quadrant of the .S -p lane
■ E a c h  s t r a i g h t  l i n e  i s  divided in to  e ig h t  equal 
p o r t io n s .  . 7-
-  31 -
The z e r o s  i n  t h e  f i r s t - q u a d r a n t  o f  t h e  S - p l a n e  a r e  
p l o t t e d  f o r  v a r i o u s  0  i n  F i g . 1 . 5  f o r  n  = 8 . They a r e
t
n e a r l y  on t h e  s t r a i g h t  l i n e s  j o i n i n g  t h e  Pade  z e r o s ,  w h ic h  
c o r r e s p o n d  t o  0 =  0° a.nd z e r o s  on t h e  ju3-ax is  2Tf a p a r t ,  
w h ic h  c o r r e s p o n d  t o  (9 = 1 8 0 ° .  A l s o ,  t h e  z e r o s  f o r  a  g i v e n  
0  d i v i d e  t h e  s t r a i g h t  l i n e s  i n  n e a r l y  e q u a l  r a t i o s .
T h e r e f o r e ,  Ream ( p r i v a t e  c o m m u n ic a t io n )  s u g g e s t e d  t h a t  
f o r  p r a c t i c a l  p u r p o s e s ,  we may t a k e  t h e  z e r o s  z^ a s  i n  P i g . 1 . 6  
z± = zl i  + /\(e) (zQi - z1±) (1.2.8)
f
where  z ^  i s  t h e  Pade  z e r o ,  Tv i s  i n d e p e n d e n t  o f  i ,  and  
z - ^  = j T i ( 2 i + l ) ,  i  = 1 , 2  . . . ,-g-n, n  e v en
z ^  = j 2 i u ,  i  = 0 , 1 , 2 , . . . , i ( n - l ) ,  n  odd
l i
Oi
P i g . 1 . 6  Z e r o s  i n  t h e  f i r s t - q u a d r a n t  c f  t h e  S--p lane
( S e c t i o n  1 . 2 . 2 )
-  32 -
The a l l - p a s s  t r a n s f e r  f u n c t i o n  w h ic h  h a s  t h e s e  z e r o s  
g i v e s  a  p h a s e  c h a r a c t e r i s t i c  w h ic h  a p p r o a c h e s  t h e  e q u a l -  
s p a c i n g  a p p r o x i m a t i o n  a s  <9 -* Ti ( P i g . 1 . 7 )
0 . 1.25 c o r r e s p o n d s  t o  £ = 1 7 0 ° a p p r o x i m a t e l y .
The t r a n s f e r  f u n c t i o n s  w i t h  A = 0 .1 2 5  a r e  u s e d  i n  S e c t i o n s  
3 . 4  and 6 . 3 . 2  t o  r e p r e s e n t  f u n c t i o n s  w i t h  p o l e s  and  z e r o s  
v e r y  n e a r  t o  t h e  jo } - a x i s .
F i g . 1 . 8  and  1 . 9  show t h e  p h a s e  e r r o r s  a n d  z e r o s  i n  
t h e  f i r s t - q u a d r a n t  f o r  t e n t h - o r d e r  a l l - p a s s  C h eh y sh ev  
g r o u p - d e l a y  f u n c t i o n s  w i t h  d i f f e r e n t  p e r c e n t a g e  o f  r i p p l e ,  
f o r  c o m p a r i s o n  w i t h  t h e  p r e v i o u s  r e s u l t s .
P i g . 1 . 1 0  shows t h e  s t e p  r e s p o n s e s  o f  t h e  e m p i r i c a l  
r e s u l t  w i t h  d i f f e r e n t  A f o r  n  = 10 .  As A-»0, i . e .  a s  
p o l e s  and z e r o s  move c l o s e r  t o  t h e  j < J - a x i s , t h e  o s c i l l a t i o n s  
i n  t h e  i n t e r v a l  0 Ct<T become s m a l l e r  h u t  s h i f t  up t o  a  : 
d i f f e r e n t  l e v e l .  The o t h e r  o s c i l l a t i o n s  s h i f t  t h e i r  l e v e l  
and become l a r g e r .  The same phenomenon i s  shown i n  P i g . 1 . 1 1  
f o r  t h e  s t e p  r e s p o n s e s  o f  t e n t h - o r d e r  a l l - p a s s  C h eh y shev  
g r o u p - d e l a y  f u n c t i o n s  w i t h  d i f f e r e n t  p e r c e n t a g e  o f  r i p p l e .
P i g . 1 . 1 2  shows t h e  s t e p  r e s p o n s e  f o r  A =  0 .1 2 5 ?  
and n = 20 t o  he a  v e r y  good a p p r o x i m a t i o n  t o  a  s t e p .
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P i g .1.7 Phase e r ro r s  of t e n th -o rd e r  phase approximations
with d i f f e r e n t  A (Section  1 .2 .2 )
frequency (rad/s)
Phase e r ro r s  of t e n th -o rd e r  al l-pass ' 'Chehyshev . 
group-delay func t ions  with d i f f e r e n t  percentage 
' of r ip p le
Zeros of t e n t h - o r d e r - a l l - p a s s  Chehyshev group- 
delay func t ions  with d i f f e r e n t  percentage of
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1 •5  C o n c l u s i o n s
To d e s i g n  a d e l a y  n e t w o r k ,  we f i r s t  have  t o  know 
w hat  i s  t h e  a p p l i c a t i o n ,  w h e t h e r  i t  i s  u s e d  t o  d e l a y  a 
s t e p ,  o r  a  s i g n a l  w i t h i n  a  hand  o f  f r e q u e n c y .  Then we 
may d e c i d e  w ha t  k i n d  o f  r a t i o n a l  f u n c t i o n  w i l l  he 
r e q u i r e d .
To d e l a y  a  s t e p ,  a  l o w - p a s s  f i l t e r  w i l l  g i v e  a  
good s t e p  r e s p o n s e  and t h e  r i s e - t i m e  may he im p ro v ed  hy
OQn
u s i n g  K uh ’ s m ethod
To d e l a y  a  s i g n a l  w i t h i n  a  g i v e n  b a n d w i d t h ,  t h e  
p h a s e / f r e q u e n c y  c h a r a c t e r i s t i c  s h o u l d  he a p p r o x i m a t e l y  
l i n e a r  and t h e  g a i n / f r e q u e n c y  c h a r a c t e r i s t i c  a p p r o x i m a t e l y  
c o n s t a n t  w i t h i n  t h i s  b a n d w i d t h .  O u t s i d e  t h i s  b a n d w i d t h ,  ' 
we a r e  n o t  i n t e r e s t e d .  T h e r e f o r e ,  a n  a l l - p a s s  n e tw o r k  
w i t h  l i n e a r  p h a s e / f r e q u e n c y  c h a r a c t e r i s t i c  c a n  m ee t  t h e  
r e q u i r e m e n t .  I f  a  p a r t  o f  t h e  b a n d w i d th  i s  t o  he e l i m i n a t e d  
a s h a r p  c u t - o f f  f i l t e r  may he  f o l l o w e d  hy a n  0.1 1 - p a s s  
n e tw o rk  t o  c o r r e c t  t h e  p h a s e  t o  a  l i n e a r - p h a s e  c h a r a c t e r i s t i c .
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CHAPTER 2
TRANSPOSITION RULES AND APPLICATIONS
2 . 1  I n t r o d u c t i o n ;  g e n e r a l  t r a n s p o s i t i o n  r u l e s
I n  t h e  n e x t  f i v e  c h a p t e r s  we p r e s e n t  v a r i o u s  
s y n t h e s i s  m e t h o d s ,  u s i n g  u n i t y - g a i n  a m p l i f i e r s ,  
o r  o p e r a t i o n a l  a m p l i f i e r s  a s  a c t i v e  e l e m e n t s .
I t  i s  o f t e n  u s e f u l  t o  h av e  two r e a l i z a t i o n s  hy t h e  
same m e th o d ,  one b a s e d  on v o l t a g e s  and  t h e  o t h e r  on 
c u r r e n t s ;  t h e  f o r m e r  i s  g e n e r a l l y  p r e f e r r e d  f o r  v a l v e
r1
c i r c u i t r y  and  t h e  l a t t e r  f o r  t r a n s i s t o r s .  I n  e x a m in in g
some s i m p l e  " d u a l s ” , Ream and t h e  a u t h o r  n o t i c e d  a
c e r t a i n  r e c i p r o c a l  r e l a t i o n s h i p  and t h o u g h t  i t  m ig h t
be a  s p e c i a l  c a s e  o f  a g e n e r a l  p r o p e r t y .  ( S t u b b s  and 
5 £S i n g l e  h a d  n o t i c e d  i t  a l s o ,  b u t  had  n o t  i n v e s t i g a t e d  
f u r t h e r ) .  As a r e s u l t  t h e  a u t h o r  h a s  p r o v e d  t h e  g e n e r a l  
r e s u l t s  d e s c r i b e d  b e lo w ,  w h ic h  a r e  b e l i e v e d  t o  be 
o r i g i n a l .
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The r e s u l t  c o n c e r n s  i d e a l  v o l t a g e -  o r  c u r r e n t -  
c o n t r o l l e d  v o l t a g e  o r  c u r r e n t  s o u r c e s ,  whose p r o p e r t i e s  
a r e  a s  shown i n  F i g s . 2 . 1  t o  2 . 3 .  A number o f  s u c h  
" a m p l i f i e r s ” a r e  assum ed  t o  be embedded i n  a r e c i p r o c a l  
n e tw o r k  w i t h  n o d e s  l , 2 , . . . , n  i n  s u c h  a  way t h a t  
r e a s o n a b l e  o p e r a t i n g  c o n d i t i o n s  a r e  s a t i s f i e d ,  e . g .  
no node  i s  f e d  by more t h a n  one v o l t a g e  s o u r c e .
A d d i t i o n a l  c u r r e n t s  i ^ , i £ , . . . , i  may be s u p p l i e d  f rom  
o u t s i d e  t h e  n e t w o r k ,  a l t h o u g h  i n  F i g s . 2 . l a  and 2 . 3 ,  a 
c u r r e n t  i n j e c t e d  a t  node  v w i l l  have  no e f f e c t  on t h e  
n o d a l  v o l t a g e s .
We f i r s t  d e f i n e  a  ’m o d i f i e d  n o d a l  a d m i t t a n c e  
m a t r i x ’ f o r  t h e  n e t w o r k  a s  f o l l o w s ,  l e t  A be t h e  n o d a l  
a d m i t t a n c e  m a t r i x  f o r  t h e  r e c i p r o c a l  n e t w o r k  w i t h o u t  
a m p l i f i e r s :
A ^  = i^  ( 2 . 1 . 1 )
where  A s  ( a . . ) ,  i , j  = 1 , 2 ...........   e and  i  a r e  co lum n
v e c t o r s  o f  v o l t a g e s  and  c u r r e n t s .
Case I .  I d e a l  v o l t a g e - c o n t r o l l e d  v o l t a g e  s o u r c e  and  
c u r r e n t - c o n t r o l l e d  c u r r e n t  s o u r c e ,  F i g . 2 . 1
( l ) I n s e r t  a n  i d e a l  v o l t a g e - c o n t r o l l e d  v o l t a g e  s o u r c e  
i n  a  r e c i p r o c a l  n e t w o r k  a s  shown i n  F i g . 2 . l a  and  assum e 1^=0.
\
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The a m p l i f i e r  c o n s t r a i n s  t h e  n e tw o r k  s u c h  t h a t
e y = Keu  ( 2 . 1 . 2 )
So we have
B e = i  ( 2 . 1 . 3 )
where  B = ( q p  i s  A w i t h  row v  and  co lum n v  r e p l a c e d
"by z e r o s ,  and  column u r e p l a c e d  hy column u+K column v ,
i . e .
\ j  = a i ; ) , i  ^ v ,  j f  u
h u  = a i u +Kai v ’ 1 *  v
"byj = 0 , a l l  j ;  h i v  = 0 , a l l  i
B may he e x p r e s s e d  a s
B = Q A P ( 2 . 1 . 4 )
where  q . . = 0 , when i  ^  j o r  i  = j = v ,  and  q . . = 11 J 1 1 -
e l s e w h e r e  p ^  = K, o t h e r w i s e  p ^  = 0 when i  ^  j o r  
i  = i = v ,  and p . . = 1  e l s e w h e r e .o y jt'11
i  = 0 i s  a  n e c e s s a r y  c o n d i t i o n  f o r  e q u a t i o n s '
( 2 . 1 , 4 )  t o  h av e  a  s o l u t i o n .  T h i s  i s  an  a r t i f i c i a l
r
c o n d i t i o n  h e r e ,  c o n s e q u e n t  on i n c l u d i n g  n  i n s t e a d  o f  
n - 1  e q u a t i o n s  i n  ( 2 . 1 . 3 ) ,  h u t  i n  t h e  n e x t  c a s e  t h e  
c o n d i t i o n  i s  m e a n i n g f u l .
-  44- -
(2 )  R e p e a t  f o r  an  i d e a l  c u r r e n t - c o n t r o l l e d  c u r r e n t
s o u r c e  a s  shown i n  P i g . 2 . 1 b  and assume i  = 0 .  The
a m p l i f i e r  c o n s t r a i n s  t h e  n e tw o r k  s u c h  t h a t
e y  = 0 ,  i s = - K I  ( 2 . 1 , 5 )
and i  i s  r e p l a c e d  by i  + i  where  i ^  i s  t h e  a d d i t i o n a l  u  u s  s
c u r r e n t  i n j e c t e d  by t h e  a m p l i f i e r  i n t o  node u ,  and  
v j e j ’ s i n c e  i vI  = s i n c e  i__ = 0 .  Then we h av e
J
B ’ e = i  ( 2 . 1 . 6 )
w here  B ’ = (b_! .) i s  A w i t h  row v and  co lum n v r e p l a c e d
J
by z e r o s ,  and  row u r e p l a c e d  by row u+K row v ,  i . e .
bi j  = a i j  ’ 1 f  y ’  ^ f  u
b . = a  .+Ka . , i ^ vtg uj vj ’ J r
t i v  = o,  a l l  i ;  bv3 = 0 , a l l  3 .
B 1 may be e x p r e s s e d  as
B '=  PT A Q ( 2 . 1 . 7 )
where  P ,  Q a r e  t h e  m a t r i c e s  a l r e a d y  d e f i n e d .
T TS i n c e  A = A ( r e c i p r o c a l  n e t w o r k )  and  Q = Q by
d e f i n a t i o n ,  we h av e
BT = B' ( 2 . 1 . 8 )
B o te  t h a t  t h i s  t r a n s p o s i t i o n  p r o p e r t y  w i l l  o n l y
h o l d  i f  i  = 0 i n  P i g . 2 . l b .
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A l t e r n a t i v e  way o f  o b t a i n i n g  t r a n s p o s i t i on p r o p e r t y
(1 )  I f  we w r i t e  ( 2 = 1 . 2 )  a s
eu  = —  ( 2 . 1 , 9 )
and  s u b s t i t u t e  i n t o  ( 2 . 1 . 1 ) ,  t h i s  r e s u l t s
H e = i  ( 2 . 1 . 1 0 )
where  H = ( h . .) i s  A w i t h  row v and  column u r e p l a c e d  
D
by z e r o s ,  and  co lum n v r e p l a c e d  by ^  co lum n u  + column v ,
i . e .
h . .  = a . . ,  i ^ v ,  i ^ u  
ID ID r
1 .  ,h . = . + a . , i  £ vi v  K i u  i v ’ *
h ^  = 0 , a l l  j ;  h ±u = 0 , a l l  i
S i m i l a r l y ,  H may be e x p r e s s e d  a s
H = Q A P» ( 2 . 1 . 1 1 )
where  Q i s  d e f i n e d  i n  ( 2 . 1 . 4 )
Puv = o t h e r w i s e  pJK = 0 when l y j  or  ± = j ~  v
and p ! . = 1  e l s e w h e r e .  A l s o  i  = 0 i s  a  n e c e s s a r y  ■*11 v J
c o n d i t i o n  f o r  e q u a t i o n s  ( 2 . 1 . 1 0 ) t o  h a v e  a  s o l u t i o n .
(2 )  To o b t a i n  t h e  t r a n s p o s e  o f  H, we r e p l a c e  t h e
v o l t a g e - c o n t r o l l e d  v o l t a g e  s o u r c e  by a c u r r e n t - c o n t r o l l e d  
c u r r e n t  s o u r c e  a s  shown i n  F i g . 2 . l b  and  assume i  = 0 .
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As b e f o r e ,  i  and  i  a r e  r e p l a c e d  by i  + i  and  i  +1 7 u  v  ^ J u s v
r e s p e c t i v e l y ,  where  i  and I  a r e  t h e  a d d i t i o n a l  c u r r e n t ss
i n j e c t e d  by  t h e  a m p l i f i e r  i n t o  n o d e s  u  and  v ,  and a r e  
r e l a t e d  by ( 2 . 1 . 5 ) .  U e in g  t h e  a s s u m p t i o n  i  = 0 
we o b t a i n
and Q = Q by d e f i n i t i o n .
Hence t h i s  t r a n s p o s i t i o n  p r o p e r t y  c a n  h o l d  w i t h
e i t h e r  i  = 0 o r  i  = 0 . v  u
I K 1s ( 2 . 1 . 1 2 )
Then we h av e
H 1 e = i ( 2 .1 .1 3 )
where  H' = ( h ! . )  i s  A w i t h  row u  and  co lum n v r e p l a c e d  J
by z e r o s  and  row v r e p l a c e d  by ^  row u + row v ,  i . e .
h j  = a f r  1 1  v ’ a ^  u
t
hu  ^ = 0 , a l l  y  h i v  = 0 , a l l  i
Hf may be e x p r e s s e d  a s
H' = P ’T A Q (2.1.14-)
where  P ’ , Q a r e  t h e  m a t r i c e s  d e f i n e d  by ( 2 , 1 . 1 1 )  
T h e r e f o r e  i t  forl l o w s  t h a t  HT = H ’ ( 2 . 1 . 5 )  s i n c e  AT = A
-  47 -
Case  I I .  I d e a l  v o l t a g e - c o n t r o l l e d  c u r r e n t  s o u r c e ,
a b
F i g . 2 . 2  An i d e a l  v o l t a g e - c o n t r o l l e d  c u r r e n t
s o u r c e  embedde d i n  a  r e c i p r o c a l  n e t w o r k
( l )  F o r  a n  i d e a l  v o l t a g e - c o n t r o l l e d  c u r r e n t  
s o u r c e  i n s e r t e d  i n  a  r e c i p r o c a l  n e tw o r k  a s  shown i n  
F i g . 2 . 2 ,  we h av e
i s = g e u ( 2 - .1 .1 5 )
and i  i s  r e p l a c e d  by i  + i  w here  i  i s  t h e  a d d i t i o n a l  v  ^ J v s s
c u r r e n t  i n j e c t e d  by t h e  a m p l i f i e r  i n t o  node v .
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Hence t h e  m o d i f i e d  n o d a l  a d m i t t a n c e  m a t r i x  B f o r  t h i s  
n e t w o r k ,  d e f i n e d  hy 
B e_ = 1,
i s  A w i t h  b vu r e p l a c e d  by a  - g , ,  i . e .
B = A + Gr ( 2 . 1 . 1 6 )
where  g = - g  and  g .  . = 0 e l s e w h e r e .1 J
(2 )  I f  n o d e s  u  and v a r e  i n t e r c h a n g e d ,  we h av e  
B T e = i
where  B f i s  A w i t h  b ^ v r e p l a c e d  by a  - g ,  i . e .  .
S '  = A + ( 2 . i . i 7 )
T h e r e f o r e  B'_  = B s i n c e  A^ = A
Case I I I .  I d e a l  c u r r e n t - c o n t r o l l e d  v o l t a g e  s o u r c e , 
F i g . 2 . 3
Si o—- --- u 0 i
1
— - , V
1 ---- .--- -o
1
1 i-  
I c
i
F f - ^ I
I
Q____ i !L- J L j
F i g . 2, 3 An i d e a l  c u r r e n t - c o n t r o l l e d  v o l t a g e
s o u r c e  embedded i n  a  r e c i p r o c a l  n e tw o r k
( l )  F o r  a n  i d e a l  c u r r e n t - c o n t r o l l e d  v o l t a g e  
s o u r c e  i n s e r t e d  i n  a  r e c i p r o c a l  n e tw o r k  a s  shown i n  
F i g . 2 . 3 i we h a v e
r
e y = - r l ,  e u  = 0 ( 2 . 1 . 1 8 )
Assume 1 = 0 ,  a,nd e l i m i n a t e  I  by  s u b s t i t u t i n g  ( 2 . 1 . 1 8 )  
i n t o
- 50 -
t h e n  we have  
B e = i
where  B i s  A w i t h  column u  and row v r e p l a c e d  by
z e r o s ,  e x c e p t  t h a t  b i s  r e p l a c e d  by a  i . e .7 r  uv  x J uv  r 7
B = Q A P * G  ( 2 . 1 . 1 9 )
where  q. . = 0 when i  /  j o r  i  = j  = v ,  and  q . . = 1 
i  j  1 1
e l s e w h e r e
p . .  = 0 when i  /  j o r  i  = j = u ,  and  p . . = 1
1 J  1 IL
e l s e w h e r e
guv  = r 9 and  g i j  e l s e w h e r e «
(2 )  I f  n o d e s  u and v a r e  i n t e r c h a n g e d  and we 
assume i  = 0 , we h a v e ,  f rom  t h e  above  
B ’ e = i
where  B f i s  A w i t h  co lum n v and  row u r e p l a c e d  by
z e r o s ,  e x c e p t  t h a t  b i s  r e p l a c e d  by a  = i  i . e .vu ± c/ vu r
B* = P A Q + GT ( 2 . 1 . 2 0 )
S i n c e  A = , P = P^ and Q = by d e f i n i t i o n ,  i t
f o l l o w s  t h a t  B ’ = B'^.
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E x t e n s i o n  t o  more t h a n  one a m p l i f i e r
Suppose  a  r e c i p r o c a l  n e t w o r k  with,  a  s i m p l e  
a m p l i f i e r  embedded i n  i t  obeys  t h e  above  t r a n s p o s i t i o n  
r u l e s  so  t h a t  t h e  m o d i f i e d  n o d a l  a d m i t t a n c e  m a t r i c e s  
B and B* a r e  r e l a t e d  by
how i n s e r t  a  s e c o n d  a m p l i f i e r  and  d e f i n e  a  f u r t h e r  
m o d i f i e d  m a t r i x  D by t h e  e q u a t i o n
where  and  a r e  d e f i n e d  s i m i l a r l y  t o  P and  Q i n
( 2 . 1 . 4 ) .  Then
But  i s  t h e  m a t r i x  o f  t h e  n e t w o r k  m o d i f i e d  
i n  t h e  same way a s  B was m o d i f i e d  t o  g i v e  B ’ . Hence 
t h e  t r a n s p o s i t i o n  p r o p e r t y  h o l d s  f o r  t h e  n e tw o r k  w i t h  
two a m p l i f i e r s  embedded,  and  t h i s  r e s u l t  c a n  c l e a r l y  
be e x t e n d e d  t o  c o v e r  any  p e r m i s s i b l e  number o f  embedded 
a m p l i f i e r s .
( 2 . 1 . 2 1 )
£  =  22 -  - 2 ( 2 . 1 . 2 2 )
D = P2 B" Q2 s i n c e  Qg = Qg
T ■= £ 2  B ' Q2
= B ’ s a y ( 2 . 1 . 2 3 )
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Summary o f  r e s u l t s
A number o f  i d e a l  a m p l i f i e r s ,  any  one o f  w h ic h  
may be one o f  any  o f  t h e  above  f o u r  t y p e s ,  a r e  embedded 
i n  a  r e c i p r o c a l  n e t w o r k ,  t h e  m o d i f i e d  n o d a l  a d m i t t a n c e  
m a t r i x  b e i n g  C. I f  t h e  f o l l o w i n g  t r a n s f o r m a t i o n  i s  made:
(1 )  A m p l i f i e r  i n  f i g . 2 . 1 a  *-* 2 .1 b  w i t h  n o d e s  u ,  
v  u n c h a n g e d ,  and e i t h e r  i y = 0 o r  i  = 0 i n  P i g . 2 . 1 b .
(2 )  A m p l i f i e r  i n  P i g . 2 . 2  o r  2 . 3  i s  u n c h an g e d  
b u t  n o d e s  u  and v a r e  i n t e r c h a n g e d ,
t h e n  t h e  ’m o d i f i e d  n o d a l  a d m i t t a n c e  m a t r i x '  o f  t h e
- Tt r a n s f o r m e d  n e t w o r k  i s  C .
2 .2  A p p l i c a t i o n s  o f  t h e  t r a n s p o s i t i o n  r u l e s
C o n s i d e r  any  n e t w o r k  o f  t h e  t y p e  assum ed  a b o v e .  
D e l e t e  t h e  z e r o  rows and  co lum ns o f  B t o  g i v e
C d 1 ) = i  s a y  ( 2 . 2 . 1
where £  a n d ' i .  h av e  c o r r e s p o n d i n g  e l e m e n t s  d e l e t e d .
. 1 )
The s o l u t i o n  f o r  t h e  e .  i s ,  s a y ,
( 2 . 2 . 2 )
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Tiie t r a n s f o r m e d  n e tw o r k  w i l l  h ave  t h e  a d m i t t a n c e  
Tm a t r i x  £  and  h e n c e  t h e  v o l t a g e s  w i l l  he g i v e n  by
e . ( 2 )  = I  C . .  i .  ( 2 . 2 . 3 )
(1 )  I f  a l l  i .  = 0 , . e x c e p t  i  , t h e n  v 3 7 *  a 7
6 J - 1 ) = 0  ia  a a  a
( 2 )e„ = C „ la  a a  a
( 2 . 2 . 4 )
i . e .  t h e  d r i v i n g - p o i n t  im p e d a n c e s  a r e  t h e  same.
(2 )  I f  a l l  i .  = 0 e x c e p t  i  = i  i n  t h e  f i r s t  n e tw o r kD a
and i ^  = i  i n  t h e  t r a n s f o r m e d  n e t w o r k ,  t h e n
4 1} = e i 2) = S a 1 ( 2 . 2 . 5 )
(3 )  I f  i n  t h e  f i r s t  n e t w o r k  a l l  i .  = 0 , e x c e p t  i  ,
D a
t h e n
4 1} c h
- V r )  = r r ^  ( 2 . 2 . 6 )
e rt'  '  a aa
I f  i n  t h e  s e c o n d  n e tw o r k  a l l  i . = 0 e x c e p t  i  ,
( 2 )l-^, and  i  i s  d e p e n d e n t  on t h e  c o n d i t i o n  e v ' = 0 ,
t h e n
4 2) e a >a ba  b / 0 0 n\
7 ™  ‘  <2- 2 ' 7>b a
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o- —o
C ( 1 ) i ( 2 )a C
Ti o O-
P i g . 2 . 4  Two ’ d u a l r n e t w o r k s  f o r  v o l t a g e - c u r r e n t
a n a l o g u e
Example  2 . 1
U s in g  the ,  p r o p e r t y  ( l ) ,  we c a n  r e p l a c e  t h e  v o l t a g e -  
c o n t r o l l e d  v o l t a g e  s o u r c e  o f  t h e  c i r c u i t ,  P i g . 4 . 4  by a 
c u r r e n t - c o n t r o l l e d  c u r r e n t  s o u r c e  a s  shown i n  P i g . 4 . 6 . .
The r e s u l t i n g  c i r c u i t  s t i l l  h a s  t h e  same d r i v i n g -  
p o i n t  im p ed an ce  b e tw e e n  t h e  i n p u t  t e r m i n a l s .
Example 2 .2
A p p ly  t h e  p r o p e r t y  ( 3 )  t o  a  s e c t i o n  w h ic h  c a n  be 
c a s c a d e d  d i r e c t l y  w i t h o u t  i n t e r a c t i o n ^ ’ ^ . B a l a b a n i a n  
and P a t e l ’ s c i r c u i t ,  P i g . 3 . 1 ,  h a s  a  v o l t a g e - c o n t r o l l e d  
v o l t a g e  s o u r c e  a t  t h o  o u t p u t ,  and  i t s  t r a n s p o s e d  n e tw o rk ;  h a s  
t h e ■i n p u t  t e r m i n a t e d  by t h e  i n p u t  o f  a c u r r e n t - c o n t r o l l e d  
c u r r e n t  s o u r c e  P i g . 3 . 3 .  The v o l t a g e  and c u r r e n t  t r a n s f e r
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r a t i o s  f o r  t h e  r e s p e c t i v e  c i r c u i t  a r e  t h e  same [ S e e  ( 3 . 2 . 2 )  
and ( 3 . 3 . 1 ) ] .
2 . 3  P a r t i c u l a r  c a s e  f o r  o p e r a t i o n a l  a m p l i f i e r
I f  t h e r e  i s  a  f e e d b a c k  im pedance  c o n n e c t e d  b e tw e e n  
t h e  i n p u t  and  t h e  o u t p u t  o f  a n  o p e r a t i o n a l  a m p l i f i e r  w h ic h  
h a s  i n f i n i t e  i n p u t  im p e d a n c e ,  z e r o  o u t p u t  im pedance  and  
i n f i n i t e  n e g a t i v e  v o l t a g e  g a i n ,  P i g . 2 . 5 9 t h e  whole  u n i t  
i n c l u d i n g  Z may be  c o n s i d e r e d  a s  a n  i d e a l  c u r r e n t - c o n t r o l l e d  
v o l t a g e  s o u r c e  w i t h
V = ZI ( 2 . 3 . 1 )
L>------------------------------®----------------------------:----Q
P i g . 2 .5  O p e r a t i o n a l  a m p l i f i e r  w i t h  a  f e e d b a c k  
im ped an ce
( 2 . 1 . 3 ) c a n  be a p p l i e d  when t h i s  u n i t  i s  embedded
i n  a  r e c i p r o c a l  n e t w o r k  w i t h  g = -i6uv  Z
As Z t e n d s  t o  i n f i n i t y ,  t h e  u n i t  w i l l  s i m p l y  c o n t a i n  
an o p e r a t i o n a l  a m p l i f i e r  and  ( 2 . 1 . 1 3 ) becomes
£  = £  A I  ( 2 . 3 . 2 )
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( 2 . 5 . 2 ) a g r e e s  w i t h  t h e  e q u a t i o n  o b t a i n e d  by 
39N a th a n  . I f  t h e  i n p u t  and  o u t p u t  t e r m i n a l s  o f  t h e  
o p e r a t i o n a l  a m p l i f i e r  a r e  r e v e r s e d ,  we h ave
B' = P A Q = BT ( 2 . 3 . 3 )
Hence t h e  t r a n s p o s i t i o n  r u l e  f o r  a n  o p e r a t i o n a l  
a m p l i f i e r  i s  t o  i n t e r c h a n g e  t h e  i n p u t  and  o u t p u t  n o d e s .
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CHAPTER 5
ACTIVE RC NETWORK SYNTHESIS BY RC THREE- TERMINAL 
NETWORKS AND UNITY-GAIN AMPLIFIERS
3 .1  I n t r o d u c t i o n
I n  t h i s  c h a p t e r  we i n t r o d u c e  s e v e r a l :  n e tw o r k s  t o
s i m u l a t e  s e c o n d - o r d e r  t r a n s f e r  f u n c t i o n s .  To s i m u l a t e
a h i g h - o r d e r  d e l a y  a p p r o x i m a t i o n ,  one may s i m p l y  c a s c a d e
l o w - o r d e r  s e c t i o n s .  By d o i n g  t h i s ,  t h e  s y n t h e s i s  p r o c e d u r e
becomes s i m p l e r  and  i t  i s  g e n e r a l l y  a c c e p t e d  t h a t  t h e
t r a n s f e r  f u n c t i o n  i s  l e s s  s e n s i t i v e  t o  t h e  p a r a m e t e r s  o f
8 bt h e  a c t i v e  e l e m e n t s
Many m eth o d s  s u c h  a s  u s i n g  a  n e g a t i v e  i m p e d a n c e -
*7 f'l £> r\
c o n v e r t o r  , g y r a t o r  , e t c .  r e q u i r e  i s o l a t i n g  a m p l i f i e r s  
when s i m i l a r  s e c t i o n s  a r e  t o  be c a s c a d e d *  To. be. 
c a s c a d e d  d i r e c t l y ,  s e c t i o n s  m ust  be t e r m i n a t e d  by  a  s u i t a b l e  
a m p l i f  i e r ^  9 - S e v e r a l  new m eth od s  u s i n g  a  u n i t y - g a i n
a m p l i f i e r  i n  S e c t i o n s  3 .3*  3 .4 ?  3 . 7  and  3 . 8  c a n  be c a s c a d e d  
d i r e c t l y .
The a d v a n t a g e  o f  a  u n i t y - g a i n  a m p l i f i e r  o v e r  o t h e r  
a m p l i f i e r s  i s  i t s  s i m p l e  c o n s t r u c t i o n  and  low  c o s t .
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A t r a n s i s t o r  c i r c u i t  i n  t h e  common-base c o n f i g u r a t i o n  
h a s  a  c u r r e n t  g a i n  d  l e s s  s e n s i t i v e  t o  t h e  t r a n s i s t o r  
p a r a m e t e r  v a r i a t i o n s  t h a n  i n  any  o t h e r  c o n f i g u r a t i o n ;  
d  = 0*98 i s  r e p r e s e n t a t i v e ,  b u t  v a l u e s  n e a r e r  u n i t y  c a n  
be o b t a i n e d  w i t h  a  b e t t e r  t r a n s i s t o r  o r  a  more e l a b o r a t e  
c i r c u i t .  Hence i t  i s  v e r y  p r a c t i c a l  t o  u s e  a  eomnon- 
b a se  t r a n s i s t o r  a m p l i f i e r  f o r  s i m u l a t i n g  a  u n i t y - g a i n  
c u r r e n t - c o n t r o l l e d  c u r r e n t  s o u r c e .  I n  v a l v e  c i r c u i t r y ,  
c a t h o d e  f o l l o w e r s  h av e  b e e n  w i d e l y  u s e d  t o  s i m u l a t e  i d e a l  
u n i t y - g a i n  v o l t a g e - c o n t r o l l e d  v o l t a g e  s o u r c e s .
The new m e th o d s  a r e  m a i n l y  d e r i v e d  f ro m  B a l a b a n i a n  
5
and P a t e l ' s  m ethod  • The c o n f i g u r a t i o n  w h ic h  t h e y  u s e d  
was n o t  o r i g i n a l ,  b u t  t h e y  seem t o  be t h e  f i r s t  t o  u s e  
t h r e e - t e r m i n a l  c i r c u i t  p a r a m e t e r s  i n  t h e  s y n t h e s i s  o f  
a c t i v e  n e t w o r k s  u s i n g  a  f i n i t e - g a i n  a m p l i f i e r .  T h e r e f o r e ,  
i t  i s  c o n v e n i e n t  t o  s t a r t  w i t h  a  b r i e f  summary o f  t h e i r  
method ( S e c t i o n  3 ° 2 ) ,  and  t h e n  t o  d e s c r i b e  t h e  m o d i f i c a t i o n s  
w h ich  a l l o w  u n i t y - g a i n  a m p l i f i c a t i o n  ( S e c t i o n s  3 .3*  3 .4-) .
The m e tho d s  a r e  e x t e n d e d  t o  two t h r e e - t e r m i n a l  n e tw o r k s  
( S e c t i o n s  3 . 7 ,  3 . 8 , 3 - 9 ) .  The l a s t  s e c t i o n  d e a l s  w i t h  a 
m o d i f i e d  B a c h ' s  c i r c u i t ,  t h e  p a s s i v e  com ponen ts  o f  w h ic h  
a re  d e t e r m i n e d  s u c c e s s i v e l y  and  d i r e c t l y  f rom  t h e  c o e f f i ­
c i e n t s  o f  a  s p e c i f i e d  t r a n s f e r  f u n c t i o n .
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Some c o n f i g u r a t i o n s  may r e s u l t  i n  s i m p l e  c i r c u i t s  
f o r  some p a r t i c u l a r  t r a n s f e r  f u n c t i o n s .  They c a n n o t  he 
compared  by j u s t  r e a l i z i n g  a  p a r t i c u l a r  f u n c t i o n .  Prom 
t h e  p o i n t  o f  v ie w  o f  economy i n  number o f  p a s s i v e  e l e m e n t s ,  
i t  i s  b e t t e r  t o  u s e  t h e  c o n f i g u r a t i o n s  w i t h  one t h r e e -  
t e r m i n a l  n e t w o r k .  They a l s o  have  t h e  a d v a n t a g e  o f  c a n c e l l i n g  
t h e  u n w a n ted  common d e n o m i n a t o r  o f  t h e  y - p a r a m e t e r s , b u t  
u s u a l l y  t h e y  a r e  more r e s t r i c t e d .
3«2 Summary o f  B a l a b a n i a n  and P a t e l ' s  m ethod  and 
a p p l i c a t i o n  t o  a n  a l l - p a s s  n e tw o r k
I n  t h i s  s e c t i o n ,  we d e s c r i b e  b r i e f l y  B a l a b a n i a n  and 
5P a t e l ’ s m ethod  , and  show t h a t  a n  a l l - p a s s  r e a l i z a t i o n  
"36due t o  McVey i s  a  p a r t i c u l a r  c a s e .
The m ethod  r e a l i z e s  a  f u n c t i o n  o f  t h e  fo rm
S2 + of.-, S + |S,
F ( S )  = h ---- ;----  ( 3 . 2 . 1 )
S + ol^S +
w i t h  com plex  p o l e s  and  z e r o s ,  s u b j e c t  t o  c e r t a i n  r e s t r i c t i o n s
on t h e  c o n s t a n t ^ m u l t i p l i e r  h .
T ( S )  i s  r e a l i z e d  a s  t h e  v o l t a g e  t r a n s f e r  r a t i o  o f
P i g . 3 . 1 ,  g i v e n  by
V -Ky „
—— = -------■-^ —    ( 3 . 2 . 2 )
Vn. (1 -K )y00 -  Ky12
P i g . 3*1 B a l a b a n i a n  and P a t e l ’ s c i r c u i t ,  c o n s i s t i n g  
o f  a n  i d e a l  v o l t a g e - c o n t r o l l e d  v o l t a g e  
s o u r c e  o f  g a i n  K and  a  t h r e e - t e r m i n a l  n e t w o r k
where  y-j^* ^22 r e ^ e r  ^ e " t b r e e - t e r m i n a l  n e tw o r k  B.
Prom ( 3 . 2 . 1 )  and  ( 3 . 2 . 2 )  we h a v e
_ £ l2  _ h ( l  -  H ) _____S2 + ol^S + ^
y22 K(1 -  h) g2 + °(-2 ~ c + '*•*2 ~
1 -  h  1 -  h
( 3 . 2 . 3 )
I f  ( 3 . 2 . 3 )  i s  t o  be RC r e a l i z a b l e ,  t h e  d e n o m i n a t o r
must  h a v e  d i s t i n c t  n e g a t i v e  r e a l  r o o t s ,  h  m u s t  t h e n
s a t i s f y  t h e  c o n d i t i o n s :
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e i t h e r
h  < m in  ( l ,
ol
d
h
1 £ 1
o r
h  > max ( 1 ,
ci‘
<k1
/3 
1 1
( 3 . 2 . 4 )
I n  a d d i t i o n  
h^ < h  < h 2
where  h-  ^ and  h^ a r e  t h e  z e r o s  o f
( 3 . 2 . 5 )
f ( h )  = ( 4 ( 3 1 -  d ±d )h^ -  2 ( 2 j5 1 + 2 / 3 2 -  ^ o i ^ h
+ (4  / 3 2 -  o(.2 2 ) ( 3 . 2 . 6 )
I t  c a n  be shown t h a t  f ( h )  w i l l  n e v e r  have  com plex  
z e r o s  i f  F ( S )  h a s  com plex  p o l e s  and  z e r o s .
15To s a t i s f y  F i a l k o w  and  G - e r s t ’ s c o n d i t i o n  f o r  
a t h r e e - t e r m i n a l  n e t w o r k ,  h  and  K a r e  f u r t h e r  r e l a t e d  by 
h  £ K < 1 o r  h  > K > 1 ( 3 . 2 . 7 )
C ho os in g  h  = K makes t h e  c o n s t a n t  m u l t i p l i e r  o f  
( 3 . 2 . 3 )  u n i t y . "  To r e a l i z e  ( 3 . 2 . 3 ) ,  we p u t
■yi2
S + d 1S + p  
S + 6
1 ( 3 . 2 . 8 a )
y 22
(S + 0’ -^)(S + O 2 )
s + &
( 3 . 2 . 8 b)
-  62 -
where  (>^ and a r e  g i v e n  by
( 3 . 2 . 1 0 )
( 3 . 2 . 9 )
and ?  i s  c h o s e n  s u c h  t h a t  5^ > (T > {> g
Then t h e  p a s s i v e  t h r e e - t e r m i n a l  n e tw o r k  B c a n  be 
r e a l i z e d  by s t a n d a r d  s y n t h e s i s  p r o c e d u r e .
Note  t h a t  K ^  1 ,  by ( 3 . 2 . 2 ) ,  b u t  b o t h  K> 1 and 
K < 1  a r e  p o s s i b l e .
3 . 2 . 1  A p p l i c a t i o n  t o  s e c o n d - o r d e r  a l l - p a s s  f u n c t i o n  
36McVey h a s  u s e d  a s y m m e t r i c a l  t w i n - T  RC n e tw o r k  
( P i g . 3 . 2 )  f o r  n e t w o r k  B t o  r e a l i z e  t h e  a l l - p a s s  f u n c t i o n
S i n c e  t h e  z e r o s  o f  P ( S )  a r e  t h e  t r a n s m i s s i o n  z e r o s  
o f  P i g . 3 .2  w h ic h  i s  a  t h i r d - o r d e r  n e t w o r k ,  t h e  z e r o s  
(and  t h e r e f o r e  p o l e s )  o f  P ( S )  a r e  r e s t r i c t e d  t o  be w i t h i n
( 3 . 2 . 1 1 )
S2 + of.S + |3
30° o f  t h e  i m a g i n a r y  a x i s  .
-  63 -
l o
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■ w -
l i r
mP —- <> m tt 
<
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P i g . 3*2 N o r m a l i z e d  s y m m e t r i c a l  RC tw in - T  n e tw o r k
We h av e
■*12
( S  + 1 )  [ s 2 + ( | |  -  1 ) S  + 1 ]
y22
2 [ s 2 + ( §  + f ) s  + 1 ]
(S + 1 ) [ s 2 + (m + 1 + | ) S  + 1 ]
2 [S2 + ( §  + | ) S  + 1]
S u b s t i t u t i n g  i n t o  ( 3 * 2 . 2 ) ,  we o b t a i n  
V, K [ S 2 + (~  -  1 )S  + l ]0
V. S^ +fm + 1 + |  -  K(m + 2 ) ]  S + 1l  t- m
E q u a t i n g  ( 3 . 2 . 1 1 )  and  ( 3 . 2 . 1 3 )  g i v e s  
2m =
1 -  d
( 3 . 2 . 1 2 a )
( 3 .2 .1 2 b )
( 3 . 2 . 1 3 )
( 3 . 2 . 1 4 )
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o r
K = = 1 -  ..gSr-L^-Z-SLl ( 3 . 2 . 1 5 )
m(m + 2 )  2 -  ol
S i n c e  d. < 1 ,  K < 1 .  K h a s  a  minimum v a l u e  o f
2(J2  -  1 ) = 0 . 8 2 8  when d L = 2 - / 2 , m = 2  + 2 i~2
3 . 3  Two m o d i f i c a t i o n s  o f  B a l a b a n i a n  and P a t e l ’ s m ethod
a l l o w i n g  u n i t . y - g a i n  a m p l i f i c a t i o n
We u s e  t h e  c u r r e n t  a n a l o g u e  i n  t h i s  c h a p t e r  i n  o r d e r  
t o  u s e  a  common-base t r a n s i s t o r  a m p l i f i e r  t o  s i m u l a t e  
t h e  u n i t y - g a i n  c u r r e n t - c o n t r o l l e d  c u r r e n t  s o u r c e  i n  an  
e x p e r i m e n t a l  c i r c u i t .
U s in g  ( 2 . 2 . 7 ) ,  we c a n  show t h a t  t h e  c u r r e n t  a n a l o g u e  
o f  B a l a b a n i a n  and  P a t e l ’ s c i r c u i t  i s  P i g . 3 .3*
B
1  ^ 2
■
Kil A 11
A * I.
P i g . 3 . 3  C u r r e n t  a n a l o g u e  o f  P i g . 3 . 1
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The c u r r e n t  t r a n s f e r  r a t i o  i s
h  Kn 2 ( 3 . 3 . 1 )
h  (1  -  K )y 22 -  Kn 2
S e c t i o n  3 . 2  shows t h a t  t h e  g a i n  K f  1 ,  h u t  i t  c a n  
he l e s s  t h a n  1 .  T h e r e f o r e  i n  t h e  n e x t  two s e c t i o n s ,  we 
u se  a u n i t y - g a i n  a m p l i f i e r  and  a t t e n u a t e  t h e  a m p l i f i c a t i o n  
hy s h u n t i n g  a d m i t t a n c e s ,  so  t h a t  t h e  e f f e c t i v e  g a i n  i s  
s t i l l  l e s s  t h a n  1 .
3 . 3 . 1  M o d i f i c a t i o n  1 ( F i g .  3'. 4)
The a m p l i f i e r  g a i n  i s  e f f e c t i v e l y  r e d u c e d  hy 
to
s h u n t i n g  the- e a r t h  a  c u r r e n t  I  r e l a t e d  t o  hy t h e  
e q u a t i o n .
I  = 1  ~ k  I f , 0 < k $■ 1 ( 3 . 3 . 2 )
k
We t h e n  h a v e
I f  + I e = I 0 + E I  ( 3 . 3 . 3 )
I  = I f  + I ,  ( 3 . 3 . 4 )
y l 2I  = K —  I  ( 3 . 3 . 5 )
y22
By e l i m i n a t i n g  I ,  I  and  I „  f rom  ( 3 . 3 . 2 )  t o  ( 3 . 3 . 5 ) ,
we o b t a i n
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B A*
F i g . 3 . 4  M o d i f i c a t i o n  1 o f  F i g . 3 . 3  a l l o w i n g  u n i t y - 
g a i n
K y 12
I ± (1  -  k K )y 22 -  kKy12 
I f  K = 1 ,  we h a v e
U  ^12
( 3 . 3 . 6 )
( 3 . 3 . 7 )
I .  (1 -  k ) y 22 -  k y 12
T h i s  i s  j u s t  ( 3 * 3 . 1 )  w i t h  K r e p l a c e d  by k and  t h e  
n u m e r a to r  f a c t o r  K o m i t t e d .  Hence any  f u n c t i o n  r e a l i z e *  
by B a l a b a n i a n  and P a t e l ' s  m ethod  c a n  be r e a l i z e d  w i t h  
u n i t y  B .C .  g a i n .
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5*3*2 M o d i f i c a t i o n  2
I n  t h i s  m o d i f i c a t i o n  t h e  o u t p u t  o f  t h e  a m p l i f i e r  
i s  s h u n t e d  t o  e a r t h  via,  a d m i t t a n c e  Ys t h i s  h a s  a  s i m i l a r  
e f f e c t  t o  I  i n  F i g , 3 . 4 .
We have
y 22
"b Y + y 22 
y 12
XI
Xo = h  
y 22
( 3 . 3 . 8 )
( 3 . 3 . 9 )
( 3 . 3 . 1 0 )
( 3 . 3 . 1 1 )
U
1
B Inh
Y Kil 
“T~ !
r \
a 8“
F i g , 3*5 M o d i f i c a t i o n  2 o f  F i g . 3 .3  a l l o w i n g  u n i t y - 
g a i n  a m p l i f i c a t i o n
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By e l i m i n a t i n g L  and I ,  we o b t a i n
( 3 . 3 . 1 2 )
(1 -  K )y 22 + Y -  Ky12
I f  K = 1 ,  we o b t a i n
( 3 . 3 . 1 3 )
T h i s  i s  ( 3 . 3 . 1 )  w i t h  Y r e p l a c i n g  ( l  -  K )y22 / K ,
and so  any  t r a n s f e r  f u n c t i o n  r e a l i z e d  by B a l a b a n i a n  
and P a t e l ’ s m e tho d  c a n  a l s o  be r e a l i z e d  by t h i s  m e th o d .
3 .4  R e a l i z a t i o n  o f  a l l - p a s s  P (S )  by t h e  m etho d s  o f  
S e c t i o n  3 . 3 . 1  and  3 . 3 ° 2
P o r  t h e  f i r s t  m e th o d ,  i t  i s  o n l y  n e c e s s a r y  t o  
r e p l a c e  K by k  i n  S e c t i o n  3 . 2 . 1 ,  t h e n  R (S)  i s  r e a l i z e d  
as  - I Q/ l ^  and  t h e  m u l t i p l i e r  h  i s  u n i t y .
P o r  t h e  s e c o n d  m e th o d ,  i t  i s  c o n v e n i e n t  t o  t a k e
Y = 1 ~ h  (S + 1)
2h  '
( 3 . 2 . 1 2 a ) ,  ( 3 . 3 . 1 3 )  and  ( 3 . 4 . 1 )  g i v e
( 3 . 4 . 1 )
( 3 . 4 . 2 )
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E q u a t i n g  ( 3 . 4 . 2 )  t o  ( 3 . 2 . 1 1 )  and  u s i n g  ( 3 . 2 . 1 4 )  g i v e s
h  = m2 -  2m + 8 _ ± 2 d  (1  -  cL ) ( 3 . 4 . 3 )
m(m + 2 ) 2 -  cL
h < l  when d  < 1 ; a s  b e f o r e ,  t h e  minimum o c c u r s  when
d  = 2 - J 2 , b u t  i t s  v a l u e  i s  now 4 j~2 -  5 = 0 . 6 5 7
T h is  r e a l i z a t i o n  was o b t a i n e d  i n d e p e n d e n t l y  by
M c V e y ^ .
Example 3 . 1
To r e a l i z e  t h e  n o r m a l i z e d  s e c o n d - o r d e r  a l l - p a s s
f u n c t i o n  w i t h  K =  0 . 1 2 5  ( S e c t i o n  1 . 2 . 2 ) :
F ( S )  = h  S x ~ 0 ‘ 2 5Q.?-g ,,±.,l  ( 3 . 4 . 4 )
+ 0 .2 5 0 9 S  + 1
as  - I q/ I - l ( 3 * 3 . 7 )  a n d  ( 3 . 3 . 1 3 )  r e s p e c t i v e l y .  The
z e r o s  and  p o l e s  l i e  w i t h i n  3 0 ° o f  t h e  i m a g i n a r y  a x i s f
t h e r e f o r e  we may u s e  t h e  m e th od s  o f  S e c t i o n  3*4.
( i )  U s in g  t h e  f i r s t  m e th o d ,  by ( 3 * 2 . 1 4 )
m = --------- —  = 2 . 6 7 0
1 -  0 . 2 5 0 9
By ( 3 . 2 . 1 5 )  w i t h  K r e p l a c e d  by k ,  we have
k  = 1 -  ( 1 U...P..».l?.3.0 9 l  = 0 . 8 9 2 6
2 -  0 .2 5 0 9
Bor t h i s  m e th o d ,  h  = 1 , P i g . 3 . 6  shows t h e  r e s u l t i n g
- 70
I
R = 3 .346a  q = O.lP
R2 = 3 . 7 4 9 a  C2 = 0 . 0 8 9 2 6 P
R^ = 1•880a  , C5 a 0.1777P
P i g . 3 . 6  C i r c u i t  res.l i y.ing (3*4.5) using the c o n f ig u ra t io n  
of F i g . 3.4
I o
Rx :■» 3 .346a  C1 = O.lP
R2 = 1 .253a  C2 = 0 . 267-OP
R3 = 24.42 a  ' = 0.01369P
P i g . 3.7 C i r c u i t  r e a l i z i n g  (3 .4 .6 )  using the co n f ig u ra t io n
of F i g . 3.5
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r e a l i z a t i o n  o f
Xo _ s 2 -  0 .7 5 S  + 8 . 9 5 4  ( 3 . 4 . 5 )
I ± S2 + 0 .7 5 S  + 8 .9 3 4
( i i )  U s in g  t h e  s e c o n d  m e th o d ,  we h a v e  m = 2 .6 7 0  
as  b e f o r e .
By ( 3 . 4 . 3 )  h  = 1 -  2 x  ° - g 5 0 9 ( l  -  0 .25 0 9 ) ,  = 0 . 7851  
2 -  0 .2 5 0 9
By ( 3 . 4 . 1 )  Y = 1 ~ ° - ,7851  (s + 1) = 0 . 1 3 6 9 ( S  + 1)
2 x 0 .7 8 5 1
F o r  t h i s  m e th o d ,  h  = 0 .7 8 5 1  and  F i g . 3 . 7  shows t h e  
r e s u l t i n g  r e a l i z a t i o n  o f
-  —  = 0 .7 8 5 1  s  ~ ° -7 5 S  + ,8 .9 3 4  ( 3 . 4 . 6 )
I .  S + 0 .7 5 S  + 8 .9 3 4
E x p e r i m e n t a l  f o u r t h - o r d e r  d e l a y
A c i r c u i t  r e a l i z i n g  t h e  f o u r t h - o r d e r  a l l - p a s s  f u n c t i o n  
w i t h  A = 0 .1 2 5  ( S e c t i o n  1 . 3 . 2 )  and  1ms d e l a y  was b u i l t  
( F i g . 3 . 8 ) by c a s c a d i n g  two s e c o n d - o r d e r  s e c t i o n s  ( F i g . 3 . 5 )  
w i t h  common-ba.se t r e u i s i s t o r  a m p l i f i e r s .  The p a s s i v e  e l e m e n t s  
were o f  5$ t o l e r a n c e .  The e x p e r i m e n t a l  r e s u l t s  a r e  shown 
i n  F i g s . 3 . 9  and  3 . 1 0 . F i g . 3 . 9  shows t h a t  t h e  n e t w o r k  h a s  
poor  a m p l i t u d e / f r e q u e n c y  r e s p o n s e ,  t h e  maximum e r r o r s  o f  
which o c c u r  a t  t h e  f r e q u e n c i e s  where  t h e  ( p h a s e  c h a r a c t e r i s t i c
A C Y 3 0
o ± { ] | — « .  C
R 1
=  1 . 1 2 0 k f l
C 1
= o . i ^ p  ;
r 2 , »  0 . 4 9 4 1 k i i
C 2
a  0 . 2 2 6 7 ^ ?  .
E 3
=  1 8 . 0 4 k H
C 3
a .  0 . 0 0 6 2 0 9 y u P
E 4
=  3 . 2 7 6 k i i C4 =  O . l ^ F
E 5
«  0 . 8 6 0 9 k i l =  0 . 3 8 0 5 / < F
E 6
a  1 3 . 4 9 k j n .
C 6
=  0 . 0 2 4 2 ^ P
R a  5 k i l C = 5 0 y u F
P i g . 3*8 C i r c u i t  r e a l i z i n g  th e  f o u r t h - o r d e r  a l l - p a s s  d e la y  
w i th  A. =0.123 r.n& 1ms d e la y
ph
as
e 
(d
eg
re
es
)
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- 5
-1 0<D *CJ3 ■ ,  .
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p. - 1 5acd
-2 0
; . t h e o r e t i c a l
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1 612 200 o4
' frequency ( l 0^ rad /s )
F i g . 3*9 Frequency response curves of F i g . 3.8 
Input:  lOpk  r .m .s .
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t ime (ms)
(a )  E x p e r im e n ta l
■<f >
3
10a> d  2 
■ p  •H i—I P4a
C tf
t ime (ms)
(h)  T h e o r e t i c a l  ; ;
P i g . 3 .10  . S t c n r e s p o n s e  o f  F i g . 3*8
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c r o s s e s  t h e  l i n e  $  = ) g r o u p  d e l a y  i s  n e a r l y
a maximum. T h i s  i s  b e c a u s e  t h e  p h a s e  c h a n g e s  r a p i d l y  
w i t h  r e s p e c t  t o  f r e q u e n c y  i n  t h e  n e i g h b o u r h o o d  o f  a  p o l e  
o r  z e r o ,  so  t h a t  s u c h  f r e q u e n c i e s  c o r r e s p o n d  t o  maxima 
o f  g ro u p  d e l a y .  At  s u c h  a  f r e q u e n c y  t h e  g a i n  i s  
s e n s i t i v e  t o  c h a n g e s  i n  t h e  r e l a t i v e  p o s i t i o n s  o f  a  p o l e  
and a z e r o .
3 .5  D i r e c t  f e e d b a c k  f rom  o u t p u t
I f  a  c u r r e n t  p r o p o r t i o n a l  t o  t h e  o u t p u t  c u r r e n t  i s  
f e d  b a c k  t o  t h e  i n p u t ,  F i g . 3 . 1 1 ,  we h ave
I  = I i  -  k I Q ( 3 . 5 . 1 )
(1 + k )  I
KI
1 1 1
y 22
( 3 . 5 . 2 )
KI f-3
P i g . 3 . 1 1  C i r c u i t  w i t h - d i r e c t  f e e d b a c k  f rom  o u t p u t
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S u b s t i t u t i n g  ( 3 . 5 . 1 )  i n t o  ( 3 . 5 . 2 ) ,  we o b t a i n  
I  K y-, 9
—  = --------------- — - ( 3 . 5 . 3 )
I i  (1  + k ) y 2 2 + MCy12
Here  t h e  g a i n  K c a n  be u n i t y .
3 . 6  C o m p ar i so n  b e tw e e n  t h e  c i r c u i t s  o f  F i g s . 3 . 4 .  3 .5  
and  3 .1 1
-z
A r m s t r o n g  and  R e za  show t h a t  i f  F(S) i s  a  second-  
o r d e r  f u n c t i o n ,  w i t h  p o s s i b l y  com plex  p o l e s ,  t o  be 
r e a l i z e d  a s  .
F ( S ) = --------- — - ( 3 . 6 . 1 )
y 22 -  g y 12
where  g i s  a  c o n s t a n t ,  t h e n  t h e  f o l l o w i n g  r u l e s  a p p l y :
( i )  I f  9
h  S  +  d  S  +  (i
F(S) = — 5— - ------------- o r  h -- 5 --------- i ----------- i
S + d  S + ji S + d 2S + p 2
t h e n  g > 0
( i i )  I f
p ( s )  = - A l § .-± <L )—
S + cL S + 3^ 
t h e n  g < 0
Hence F i g . 3 . 4  o r  3 . 5  r e a l i z e  t y p e  ( i )  f u n c t i o n s  
w h e reas  F i g . .3.11 r e a l i z e s  t y p e  ( i i )  f u n c t i o n s .
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3 •7  E x t e n s i o n  t o  two t h r e e - t e r m i n a l  RC n e tw o r k s
I f  we a p p l y  a n  a d d i t i o n a l  f e e d b a c k  t h r o u g h  a  
t h r e e - t e r m i n a l  n e t w o r k ,  P i g . 3 - 1 2 ,  we a g a i n  o b t a i n  
a d d i t i o n a l  a t t e n u a t i o n  w h ic h  a l l o w s  a  u n i t y - g a i n  
a m p l i f i e r  t o  be u s e d .
We h ave
r ti ~ __A
y 22
B
Xa  =
y 22 + y 22
A 
y 22  
A B
y 22 y 22
KI
KI
( 3 . 7 . 1 )
( 3 . 7 . 2 )
0
B
1 2 ft U
P i g . 3 .1 2  C i r c u i t  w i t h  two f e e d b a c k  t h r e e - t e r m i n a l  
n e t w o r k s
By e l i m i n a t i n g  I  , 1 ^ ,  1^ and  I ,  we o b t a i n
B
f o  = __________ Ky1 2 ____________________ ( 3 . 7 . 6 )
X.  "  ( 1  -  K ) y f 2 -  K y® 2 +  y f 2 +  K y ^ 2
I f  y ^  “  0? ( 3 . 7 . 6 ) r e d u c e s  t o  ( 3 . 3 . 1 2 ) a s  i t  s h o u l d  
When K = 1 ,  we h a v e
Io  ~ (3 7 7)
B  "y12 + y22 + y12
But y ^2 + y^ 2 = -y^o*  f ^ a n s f e r  a d m i t t a n c e  b e tw e e n
t e r m i n a l  2 and  t h e  r e f e r e n c e  t e r m i n a l  0 ( e a r t h ) ,  h e n c e  
I
T -  =  - T - f T -  ( 3 - 7 *8 >
Z1 y 12 + y 20
A AS i n c e  y - ^  an(3- J 2 0  •^i ave  a - ^  c o e f f i c i e n t s  n e g a t i v e ,
( 3 . 7 . 8 ) shows t h a t  c a n  o n l y  r e a l i z e  a  t r a n s f e r  f u n c t i o n
whose d e n o m i n a t o r  c o e f f i c i e n t s  a r e  g r e a t e r  t h a n  o r  e q u a l  
to  t h e  c o r r e s p o n d i n g  n u m e r a t o r  c o e f f i c i e n t s .
.e 3 . 2
To r e a l i z e
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S2 + 2
= h
+ 0.5S + 1
( 3 . 7 . 9 )
S i n c e  t h e  d e n o m i n a t o r  c o e f f i c i e n t s  m u s t  be e q u a l  
t o  o r  g r e a t e r  t h a n  t h e  c o r r e s p o n d i n g  n u m e r a t o r  c o e f f i ­
c i e n t s ,  we c h o o se  h  = 0 . 5 , and  w r i t e  t h e  d e n o m i n a t o r  a s  
2S2 + S + 2 .
A s t a n d a r d  r e a l i z a t i o n  i s
B
■712
A
■^20
S'
S + 1 
,2S'
+
+
S + 1
s
S + 1 S + 1 
A c i r c u i t  r e a l i z i n g  ( 3 . 7 . 9 )  i s  shown i n  P i g . 3 . 1 3 .
i - A ' V \ A  4>- - - - - - - - - - - \ A / \  A —J
$6---'"V Vi./''
V\A,
R-, = 0 . 2 5 .a  c, = 2P
r 2 = l i l
P i g . . 3 . 1 3  C i r c u i t  r e a l i z i n g  ( 3 . 7 . 9 )  u s i n g  t h e  
c o n f i g u r a t i o n  o f  P i g . 3 .1 2
3 .8  A l t e r n a t i v e  method, o f  u s i n g  two t h r e e - t e r m i n a l
RC n e tw o r k s
I f  t h e  r e f e r e n c e  t e r m i n a l  o f  n e t w o r k  B i s  c o n n e c t e d  
d i r e c t l y  t o  e a r t h ,  i . e .  t h e  f e e d b a c k  i s  a p p l i e d  o n l y  
t h r o u g h  n e t w o r k  A, we h av e  t h e  c o n f i g u r a t i o n  o f  R i g . 3 . 1 4 .
The c i r c u i t  e q u a t i o n s  a r e  ( 3 . 7 . 1 )  t o  ( 3 . 7 . 4 )  w i t h  
I jp = 0 .  By e l i m i n a t i n g  I  , I ,  and  I ,  we o b t a i nX S i D
( 3 . 8 . 1 )
O 1  2  <Hi'  [ j ■o
I 0
6-
2
A
1
R i g . 3 . 1 4  C i r c u i t  w i t h  one f e e d b a c k  t h r e e - t e r m i n a l  
n e t w o r k
When K = 1 ,  ( 3 - 8 . 1 )  becomes
7  = - b I ~ r  ( 3 - 8 - 2 )
I i  ■ y 22 y 20
15hue  t o  t h e  H ia lk o w  and G-erst c o n d i t i o n  t h a t  t h e
Bn u m e r a t o r  c o e f f i c i e n t s  o f  y ^  ^ u s t  be g r e a t e r  t h a n  o r  
e q u a l  t o  t h o s e  o f  y-^2 » ( 3 - 8 . 2 )  may g i v e  l e s s  B .C .  g a i n  
t h a n  ( 3 - 7 . 8 ) .  B u t  ( 3 - 8 . 1 )  i s  much s i m p l e r  t h a n  ( 3 . 7 . 6 )  
when K f  1 .
T h i s  c o n f i g u r a t i o n  c a n  a l s o  be d e r i v e d  f ro m  H ak im ’s
17 71method a s  shown by t h e  a u t h o r
To r e a l i z e  
I o h
I .  S 2 + 1 .3 8 6 S  + 1
( 3 . 8 . 3 )
We w r i t e
I
h
o r S + 1
I .  (S' + 0 . 5 ) ( s  + 2)  S2 + 0 .2 7 2 S  + 1 
2(S + 1)  2 (S + 1)
and t a k e
E1 = 
r 2  =
R, SS J
*4 "  
*5 =
0 . 6 6 6 7 a  
1 . 3 3 3 a  
1 . 6 9 7 a  
0 .449  A 
1.667  A., 
0 . 3 3 3 3 a
2.25F 
0.5? 
0.65? 
2.167? 
3 . 6F i
P i g . 3.15 C i r c u i t  r e c . l i r l r g  (3.8*3) using the con f ig u ra t io n  
of P i g . 3*14 /
R.
O - |   AAA/*'— C5— A«AA/— CJ
I  A  0
R i
3 . 3 3 3 k A
c i
-  0 . 45/tP
r 2 = 6 • 6 6 7 k n C 2
=  0 . 1/*?
* 3
8 . 4 8 5 k A
C 3
«  0 .13/4 ?
R 4
= 2 . 2 4 5 k A
C 4 *  0 . 4 3 3 3 /
R 5
" S S 8 . 3 3 5 k A
C 5
-  0 . 72/P
R 6
s 1 . 6 6 7 k A • c =  50^ ?  : ■
R = 5 k A  J
ACY30 C
P i g . 3*16 T r a n s i s t o r " c i r c u i t  r e a l i z i n g  (3 .8 .3 )  with S = 10^s~^
f r e q u e n c y  (10  r a d / s )
O r-
. t h e o r e t i c a l
135
vV v V . t i -y-f-1 
f r e q u e n c y  ( l O ^ r a d / s )
10
F i g . 5*17 Frequency  r e s p o n s e  c u rv e s  o f  F i g . 3 .16  
I n p u t ;  XOiiA r . n . s .
r 1
N 20
10
-.0 0
■ * i- i __...i- i _ _i—i_i
time (ms)
(a) Experimental
6 820 4
time (ms) •
(b) T heore t ica l |  \
1 ® £1 :: 13 of Eig*5«16 ’
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A = S2 + 0 .2 7 2 S  + 1 = 1 + S(S + 0 . 2 7 2 )
20 2(S + 1 ) 2 (S  + 1)  2 (S + 1)
H ere  h  = 0 . 5  by F i a l k o w  and G e r s t  c o n d i t i o n .  The
r e s u l t i n g  n e t w o r k  i s  shown i n  F i g . 3 . 1 5 .  A c i r c u i t  f o r
t h i s  f u n c t i o n  h a s  b e e n  b u i l t ,  F i g . 3 .16*  u s i n g  a  common-base
3 - 1t r a n s i s t o r  a m p l i f i e r  and  w i t h  S e q u a l  t o  10 s e c  . I t s  
f r e q u e n c y  r e s p o n s e  c u r v e s  a r e  shown i n  F i g . 3 .17 ?  and t h e  
s t e p  r e s p o n s e  i n  F i g . 3 . 1 8 .  The p a s s i v e  e l e m e n t s  u s e d  were  
o f  Vfo t o l e r a n c e ,  e x c e p t  t h e  b l o c k i n g  c a p a c i t a n c e s .
The i n p u t  im p edance  i s  o f  t h e  o r d e r  o f  lOOil a t  
l ( r  r a d / s ,  and  i t s  o u t p u t  im pedance  h a s  a  s e r i e s  
component  3 . 3 3 k i l  • Hence t h e  l o a d i n g  e f f e c t  o f  a  s i m i l a r
c i r c u i t  c o n n e c t e d  a c r o s s  t h e  o u t p u t  t e r m i n a l s  w i l l  be 
n e g l i g i b l e .
3 .9  Use o f  one u n i t y - g a i n  a m p l i f i e r  t o  g i v e  a  t r a n s f e r
r a t i o  a s  a r a t i o  o f  two t r a n s f e r  a d m i t t a n c e s  ( F i g . 3 . 1 9 )
3 . 9 . 1  B a s i c  n e t w o r k
The v o l t a g e  a t  t e r m i n a l  2 o f  n e tw o r k  B i n  F i g . 3 . 3  i s  
I
V = ( 3 . 9 . 1 )
y12
and i f  t h e  i n p u t  c u r r e n t  t o  t h e  c i r c u i t  i s  o b t a i n e d  f ro m  
a v o l t a g e  s o u r c e  Y^ t h r o u g h  a  t h r e e - t e r m i n a l  n e t w o r k  A,
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we have
h  = - v l 2 <3 . 9 . 2 )
S u b s t i t u t i n g  ( 3 * 9 . 1 )  and  ( 3 . 9 * 2 )  i n t o  (3 * 3 * 1 )?  we 
o b t a i n
To - ^ 1 2
V.  ( 1  -  K ) y f 2 -  Ky®2
I f  K = 1 ,  we h av e
( 3 . 9 . 3 )
0 • ' l g
yB
1v - y j 2
( 3 . 9 . 4 )
T h i s  i s  t h e  same t r a n s f e r  f u n c t i o n  a s  t h e  one 
o b t a i n e d  w i t h  one o p e r a t i o n a l  a m p l i f i e r  and  two t h r e e -  
t e r m i n a l  n e t w o r k s  ( S e c t i o n  5 * 3 .2 )
B
1 J 2  ^ | j &
I .1St*- 1
A
V \.i t '
P i g . 3*19 C i r c u i t  g i v i n g  a v o l t a g e  t r a n s f e r  r a t i o  a s  
a  r a t i o  o f  two t r a n s f e r  a d m i t t a n c e s
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51Sonde u s e d  n e a r l y  t h e  same c o n f i g u r a t i o n ,  h u t
w i t h  a  f e e d f o r w a r d  r e s i s t a n c e  i n s t e a d  o f  a  t h r e e - t e r m i n a l  
n e tw o r k  A, f o r  a  t u n e d  a m p l i f i e r .
The o n l y  d i s a d v a n t a g e  seems t o  he t h a t  t h e  s e c t i o n  
c a n n o t  he c a s c a d e d  d i r e c t l y  w i t h  s i m i l a r  s e c t i o n s .
3*9*2 An im p ro v e d  s y n t h e s i s  m ethod  u s i n g  c a s c a d e d  
p a s s i v e  s e c t i o n s
I n  r e a l i z i n g
th e  c a l c u l a t i o n s  may he t e d i o u s  f o r  p o l y n o m i a l s  o f  
d e g re e  g r e a t e r  t h a n  2 ,  and  t h e  c h o i c e  o f  Q(S) i s  somewhat  
a r b i t r a r y .
We now p r o p o s e  a  m ethod  h a s e d  on c a s c a d e d  s e c t i o n s .
I f  a ,  h a r e  two n e t w o r k s  c o n n e c t e d  a s  i n  k i g . 3 . 2 0 ,  t h e
65o v e r a l l  t r a n s f e r  a d m i t t a n c e  i s
D(S)
( 3 . 9 . 5 )
as  V /V ,  i n  ( 3 * 9 . 4 ) ,  t h e  u s u a l  a p p r o a c h ^ 9^  i s  t o  
c h o ose  a  s u i t a b l e  p o l y n o m i a l  Q(S) and  s y n t h e s i s e
7 14 27A l t h o u g h  a  number o f  m e th o ds  a r e  a v a i l a b l e  9 9
I f ,  s a y ,  D(S) i s  o f  d e g r e e  f o u r  w i t h  two p a i r s  o f
com plex  z e r o s ,  we may a s s i g n  one p a i r  t o  y - ^  and  th e  
bo t h e r  t o  u s -^n § a  s t a n d a r d  fo rm  o f  n e t w o r k .  The
r e s u l t i n g  y ^  an(3- Ypp w i l l  d e t e r m i n e  Q ( S ) ,  and  t h e  f u l l  
s y n t h e s i s  p r o c e d u r e  w i l l  o n l y  have  t o  he a p p l i e d  t o  
n e tw o r k  A, w i t h  a s a v i n g  o f  p e r h a p s  h a l f  t h e  l a b o u r  
o f  t h e  u s u a l  m e th o d .
I n  f a c t ,  e v e n  n e t w o r k  A c a n  be s y n t h e s i s e d  s i m p l y  i f  
b o t h  N(S) and  h ( S )  a r e  o f  d e g r e e  f o u r  w i t h  com plex  z e r o s .  
I n  t h i s  c a s e  I i g . 3 . 2 0  i s  r e p l a c e d  by F i g . 3 . 2 1  i n  w h ic h
1 o- 1 2 1 2
) a b b- y 22 tHH
I i g . 3 . 2 0  Two c a s c a d e d  p a s s i v e  t h r e e - t e r m i n a l  nebw orks
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(^12 "  "  ^2^ / \ -y12 =.......  -b'"...  —— — (3.9.8)
^22 + y ? i  + Yi  + y 2 + y 3
The i n s e r t i o n  o f  t h e  e x t r a  a d m i t t a n c e s  e n a b l e s  us  t o  
f i x  t h e  d e n o m i n a t o r  z e r o s  o f  ( 3 . 9 . 8 ) ,  by k e e p i n g  
(Y^ + Yg + Y^) c o n s t a n t ,  w h i l e  v a r y i n g  Y^ and  Y2 
t o  move t h e  n u m e r a t o r  z e r o s .
Example 3 . 4
To r e a l i z e  t h e  f o u r t h - o r d e r  l o w - p a s s  B e s s e l  f i l t e r
*(S) = — 4----------- 3------- ^
o ^ - . i  n o  J  . a  c r o ^+ 10S '  + 45S + 105s + 105
 __________ 1 05_______________________
( s 2 + 4.2C8S + 11 .49 )(S2 + 5.792S + 9.140)
(3 .9 .9 )
Y.
1, 1 2
a a
22
P i g . 3 . 2 1  Two c a s c a d e d  t h r e e - t e r m i n a l . n e t w o r k s  
w i t h  a n  a d d i t i o n a l  s t a r - c o n n e c t i o n
-  90 -
a s  V0/"V\_ i n  ( 3 . 9 . 4 ) ,  u s i n g  t h e  m ethod  j u s t  d e s c r i b e d .
R i g . 3 . 2 2  shows two f o u r - e l e m e n t s  n e t w o r k s ,  e a c h  
h a v i n g  a  t r a n s f e r  a d m i t t a n c e  o f  t h e  fo rm .
S2 + d. S + £
- y 12 s  + &
( 3 . 9 . 1 0 )
o A—W
R
C1 ------1
H
~C,
h A /.A a -
c
€> O
( a )  0  = ck (b )  3" = P/oL
R = d / 2/3A- 
Cx = IF
c„ = 4 f i /ct-2¥
0 =  2F 
R- =
E2 = d  / 4  j'3 i l
P i g . 3 . 2 2  Two f o u r - e l e m e n t s  c i r c u i t s  b o t h  g i v i n g  
a  p a i r  o f  com plex  t r a n s m i s s i o n  z e r o s
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We c h o o se  F i g . 3 . 22a t o  r e a l i z e  e a c h  p a i r  o f  t h e  com plex  
p o l e s .  The r e a s o n  f o r  n o t  c h o o s i n g  F i g * 3 . 22b w i l l  be e v i d e n t  
l a t e r .  So ,  by s u b s t i t u t i n g  t h e  v a l u e s  o f  oC and ^  , we 
o b t a i n  n e t w o r k  B a s  i n  F i g . 3 . 2 3 .
T h e r e f o r e ,  f o r  n e t w o r k  B, we h av e
Y1 = C*, Y2 = and  Y^ 0 .
ANow, we c o n s t r u c t  n e t w o r k  A whose y ^ 2 h a s  t h e  same
Bp o l e s  a s  y 1 2 . S i n c e  t h e r e  a r e  no t r a n s m i s s i o n  z e r o s  f o r  
t h i s  n e t w o r k ,  we p u t  Y^ = Y2 = 0 ,  and  t h e r e f o r e  
Y3 = C^-+ ( F i g . 3 . 2 4 )
C
s i
1 — MA'^^-AAAA
R1 I R1
ze;
—AAA/' —
R,
-o 2
R,
~C,
0 ^  = 01 
=
1
2 .5 9 6 F
IF
C~ = 1 .0 9 0 F
R1 = 0.1831X1 
R2 = 0.3169X1
F i g . 3 .2 3  N e tw ork  B g i v i n g  t h e  two p a i r s  o f  com plex  
p o l e s  o f  t h e  f o u r t h - o r d e r  l o w - p a s s  B e s s e l  
f i l t e r
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1 o
R± = 0 . 1 8 3 1 A 
R2 = 0.3169X1
P i g . 3 . 2 4  N e tw ork  A g i v i n g  no t r a n s m i s s i o n  z e r o s  f o r  
t h e  f o u r t h - o r d e r  l o w - p a s s  B e s s e l  f i l t e r
The c o m p l e t e  c i r c u i t  i s  shown i n  P i g . 3*25* A c i r c u i t  
has  b e e n  b u i l t  ( P i g . 3 . 2 6 )  w i t h  1ms d e l a y  u s i n g  a  common- 
b a se  t r a n s i s t o r  a m p l i f i e r .  P i g s . 3 . 2 7  and  3 . 2 8  show t h e  
e x p e r i m e n t a l  r e s u l t s .
3 .1 0  Ext e n s i o n  o f  B a c h fs c i r c u i t ^
T h i s  c i r c u i t  s e l e c t s  C ’ s and  R ' s  s u c c e s s i v e l y  t o  
r e a l i z e  t h e  d e n o m i n a t o r  c o e f f i c i e n t s  o f  a  s p e c i f i e d  
f u n c t io n - .  The c u r r e n t  a n a l o g u e  o f  B a c h ’s c i r c u i t  i s  
shown i n  P i g . 3 . 2 9  whose c u r r e n t  t r a n s f e r  r a t i o  i s
c i  = c i  =
C2 = 2 .5 9 6 F
C ,  = 1 . 0 9 OF3
Ri
A A A /V -
R1
- A A A / v-
r 2
W x * —%
-c,
E2
- w -
c .
R^ = 0 .1831A 
R2 = 0.3169A
F i g . 3*25 C i r c u i t  r e a l i s  
(3 .9 .9 )  u s i n
C1 = IF
C2 » 2 .596F  
c j . a  1 .090F
j . r th -order  Bessel f i l t e r  
' ig u ra t io n  of F i g . 3 . IQ
ACY30
i . e 31k AR
R2 = 3.1693CXL
R . as 5kXi
F i g . 3.26 T ra n s i s to r  o i r ov 
** Bessel f i l t e r  ( 3
C 2  »  0 . 2 5 9 6 / i F  
= 0 .1090^?
C .;■> .50/iF
r s a l i z i n g  the fo u r th -o rd e r  
9 ) with, lms delay
ijV
0.1  1
f r e q u e n c y  ( I 0 ^ r a d / s )
Eh
(a) Experimental
2
0
2 310
<Did
•P•HrH
•Ph.actf
t ime (ms)
( ! )  T h e o r e t i c a l -
a a  Vvh ! : . ' '  V--‘-  - ;h ': ; VE'Eu E -X E .^ U ^ E -'-V E  -i -::: v a  ' ' :v-
F i g * 3*28 S t e j^ r e s p o n s e  o f  F i g . 3«26 
I n p u t  s t e p :  2v
.-1
2 n-2
-VW—— —-A/W'—i
n-2out
P i g . 3*29 Current analogue of Bach's c i r c u i t
n -1
out
F i  g . 3.3 0 C i r c u i t  of  sr. 5*29 with a d d i t io n a l  feedforward 
conductances ■. ■ ■
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I Sn + T , S n_1 + . . .  + T,S + 1 ( 5 . 1 0 . 2 )
- 2 H l  = ---------- .----------i ------------------- —  ( 3 . 1 0 . 1 )
I.  1 + T,S + T„S + . . .  + T Sl  1 2 n
where  = t n t  . .  . t  =
0 0 3
I f  we i n t e r c h a n g e  e a c h  C . and  R . ,  t h e  d e n o m i n a t o r  o f3 3
( 3 * 1 0 . 1 )  becomes
I 8"1 + Tn -1 ~  -  • * • — !
where  Tm = 't 1 't 2 6 *a t m,
and t h e  n u m e r a t o r  w i l l  have  S t e r m s .  S i n c e  a p p l y i n g  
f e e d f o r w a r d  c a n  o n l y  m o d i f y  t h e  n u m e r a t o r  o f  a  t r a n s f e r  
f u n c t i o n ,  we a p p l y  f e e d f o r w a r d  c u r r e n t s  t o  e a c h  summing 
j u n c t i o n  f ro m  a  v o l t a g e  s o u r c e  ( R i g . 3 . 3 0 ) .  We a l s o ,  f o r  
c o n v e n i e n c e ,  c o n v e r t  t h e  o u t p u t  c u r r e n t  t o  a  v o l t a g e  V . 
At e a c h  summing j u n c t i o n ,  we have
t . . ,S
x = G v  +  ^   T +-------- 1---------  I
3  ^ 1 + t .  -,S 3 1 + t . s 33+1 3“ 1
j = 1 t o  n w i t h  I n+-|_ = 0 ,  Iq  = 0 .  ( 3 . 1 0 . 3 )
Also
h u t  = Gov i  + T T T T  h  = ■ ( 3 , 1 0 *4)_L + x
W rite
X. = — 1  I . ,  3 = 0 t o  n + 1;  . x» = x  , = 0.
1 + t . S  3 u n  + ±
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Then ( 3 . 1 0 . 3 )  becomes
( l  + t . S )  x .  = G-.V. + t .  , S  x + x . v 3 3 3 i  3+1 3+1 3 -1
o r  G.V. = S ( t . x .  -  t 3+1x j+]_) + j = 1 t o  n .
( 3 . 1 0 . 5 )
Summing ( 3 . 1 0 . 5 )  f rom  j = 1 t o  m, and  w r i t i n g  
m
L  G.V. = u  , we g e t  r ;0 3 1  m?
U = S ( t x ,  -  t  n X . - )  + X +  Gn V.  m ^ 1 1  m+1 3+1 m 0 1
= I  , -  S t  -.x -, + x , by ( 3 . 1 0 . 4 )  o u t  m+1  m+1 m’ J v y
o r  xm = h u t )  + S t m+lxm + l ’ => = 0 t o  n
Thus 0 = x 0 = ( u Q -  I Q u t ) + , S t lX;L
= ( u0 -  h u t )  + S t l ( u l  "  h u h  + s 2 V 2x 2
= . . .  = ( u Q -  I o u t ) + S t 1 ( u 1 -  I o u t ) +
S2 t 1 t 2 ( u 2 -  I Q u t ) + . . .
.+ S ^ t 1 t 2 . . . t n (u n  -  I Q u t )
o r  ( 1  + S t ,  + S 2 t , t „  + . . .  + Sn t - , t 0 . . . t  ) I- +s 1 1 2  1 2  n '  o u t
2 n= u~ + St-,u-, + S t-. t 0u 0 + . . .  + S t - , t 0 . . . t  u  0 1 1  1 2 2  1 2  n n
o r  (1  + TXS + T2S2 + . . .  + Tn Sn ) I Qut
= u ^  + T-, Su-, + TpjS Un + . . .  + T S u0 1 1 2  2 n  n
-  99 -
V k n + k , T ,  S + k 0T0S + . . .  + k T Sn0 0 1 1  2 2  n  n  c \o r  _  =   — -— _ ——    —.——------------ — ^3*10*6;
V. 1 + T-,S + T0S + . . . + T Sn1 1 2  n
u  m G .
where  k  = —  = V  — ; T = t - , t 0 . . . t
m GVi  j=0  G m 1 2 m
3 . 1 0 . 1  A l l - p a s s  t r a n s f e r  f u n c t i o n ;  s e q u e n t i a l  a d j u s t m e n t  
o f  c i r c u i t  e l e m e n t s
I f  n e g a t i v e  km a r e  r e q u i r e d ,  a  s i g n - r e v e r s i n g  v o l t a g e  
a m p l i f i e r  m us t  be u s e d ,  A c a s e  i n  p o i n t  i s  a n  a l l - p a s s  
t r a n s f e r  f u n c t i o n ,  f o r  w h ic h  we may t a k e  
Gq = G
G2 ._ i  = -2G ( 3 . 1 0 . 7 )
G2 , = 2G
cJ
so t h a t  ( 3 - 1 0 . 6 )  becomes
v  £  T ( - S ) mV mv '
 -------- — s a y  ( 3 . 1 0 . 8 )
V. f  T Sm
1 m=0 m
I f  ( 3 . 1 0 . 7 )  i s  r e p l a c e d  by 
G-. = ( - l ) ^Gr ,  j = m, m+1, m+2, m+3 
G. = Q o t h e r w i s e  
t h e n  t h e  n u m e r a t o r  o f  ( 3 . 1 0 . 6 )  becomes
w h ic h  i s  z e r o  when
S = 3 < V TiA+2>* = ^
T h i s  s u g g e s t s  a  p o s s i b l e  m ethod  (w h ic h  h a s  n o t  b e e n  
t r i e d  i n  p r a c t i c e )  o f  s e t t i n g  up t h e  c i r c u i t  e x p e r i m e n t a l l y  
by a d j u s t i n g  s u c c e s s i v e  R. and  C. t o  g i v e  t r a n s m i s s i o n
J tJ
z e r o s  a t  f r e q u e n c i e s  . . • , <*) ni-2* The v a l u e
t ^  m us t  be f o u n d  by s e t t i n g  GQ = G, G^ = -2G,  i n  w h ich  
c a s e
Y. 1 + t-,S 1 1
3 .1 1  C o n c l u s i o n s
A p o r t  f ro m  a  c o n s t a n t  m u l t i p l i e r ,  any  s e c o n d -  
o r d e r  t r a n s f e r  f u n c t i o n  c a n  be r e a l i z e d  by any  one o f  
t h e  m e th o d s  o f  S e c t i o n s  3 . 3 ,  3 . 4 ,  3 .5 ?  3 . 7  and 3 . 8 .  The 
u n i t y - g a i n  c u r r e n t - c o n t r o l l e d  c u r r e n t  s o u r c e  c a n  be r e a l i z e d  
p a r t i c u l a r l y  s i m p l y  by a common-base t r a n s i s t o r  a m p l i f i e r  
when t h e r e  i s  a  h . C .  p a t h  f ro m  t h e  o u t p u t  t e r m i n a l  o f  t h e  
s o u r c e  t o  e a r t h ,  o t h e r w i s e  a  more e l a b o r a t e  a m p l i f i e r  i s  
r e q u i r e d .
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The m ethod  o f  S e c t i o n  3 . 9  i s  c o n s i d e r e d  t o  he t h e  
b e s t  one u s i n g  u n i t y - g a i n  a m p l i f i e r s ,  s i n c e  i t  g i v e s  t h e  
s i m p l e r  t r a n s f e r  f u n c t i o n ;  b u t  s t a g e s  c a n n o t  be c a s c a d e d  
w i t h o u t  i s o l a t i n g  a m p l i f i e r s .
The c u r r e n t  a n a l o g u e  o f  B a c h ’ s c i r c u i t  c a n  be r e a l i z e d  
i n  t h e  same way,  and c a n  be e x t e n d e d  t o  s y n t h e s i s e  a  more 
g e n e r a l  f u n c t i o n  by means o f  f e e d f o r w a r d  c o n d u c t a n c e s .
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CHAPTER 4
REALIZATION OF RL LRIYING--POINT ADMITTANCE BY 
RC ACTIYE NETWORKS, AND APPLICATION IN SYNTHESIS
4 . 1  I n t r o d u c t i o n
■- One a p p l i c a t i o n  o f  RC a c t i v e  n e tw o r k s  i s  t o  r e a l i z e  i n d u c ­
t a n c e ,  so a s  t o  a v o i d  u s i n g  c o i l s  a t  low f r e q u e n c i e s .
34 50T h is  c a n  he d o n e  by u s i n g  i d e a l  g y r a t o r s  * , b u t  i t
i s  u n e c o n o m i c a l  and  i n c o n v e n i e n t  i n  some c a s e s ^ ’ ^ ,
However ,  a  RL d r i v i n g - p o i n t  a d m i t t a n c e  c a n  be r e a l i z e d
o t h e r w i s e  w i t h  a  s i n g l e  a c t i v e  e l e m e n t .  T h i s  t h e n
rem oves  t h e  c o n s t r a i n t s  on t h e  p a s s i v e  RC n e t w o r k  w h ich
c a n n o t  h a v e  c o m plex  p o l e s .
22 23H o r o w i t z  ? f i r s t  i n t r o d u c e d  t h e  i d e a  o f  r e a l i z i n g  
an  RL a d m i t t a n c e  u s i n g  a RC n e t w o r k  and a  v o l t a g e - c o n t r o l l e d  
c u r r e n t  s o u r c e .  H is  m ethod  had  t h e  d i s a d v a n t a g e  t h a t  t h e  
g a i n  o f  t h e  a c t i v e  e l e m e n t  i s  v e r y  s e n s i t i v e  t o  t h e  t r a n ­
s i s t o r  p a r a m e t e r s ,  and  he  t h e r e f o r e  i n t r o d u c e d  a  l e n g t h y  
o p t i m i z a t i o n  p r o c e d u r e  t o  m in im iz e  t h e  e f f e c t .  T h i s  i s  
p e r h a p s  why l i t t l e  a t t e n t i o n  h a s  b e e n  p a i d  t o  h i s  m e th o d .
Then he a p p l i e d  t h e  RL a d m i t t a n c e  i n  c a s c a d e  w i t h  a n  RC
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a d m i t t a n c e  t o  r e a l i z e  a  t r a n s f e r  im pedance  w h ic h  seems 
t o  he a p p l i c a b l e  o n l y  t o  f o u r t h - o r d e r  f u n c t i o n s .  A
I n  t h i s  c h a p t e r ,  we i n t r o d u c e  a  new m ethod  o f  
r e a l i z i n g  a n  RL a d m i t t a n c e  by u s i n g  a R0 p a s s i v e  n e t w o r k  
u s i n g  a  u n i t y - g a i n  v o l t a g e  o r  c u r r e n t  a m p l i f i e r ,  o r  a 
h i g h - g a i n  v o l t a g e  a m p l i f i e r .  T h i s  RL a d m i t t a n c e  i s  t h e n  
u s e d  i n  new m e th o d s  o f  s y n t h e s i s .
T h i s  t y p e  o f  a c t i v e  n e tw o r k  a o n v e r t i n g  a n  RC 
a d m i t t a n c e  t o  a n  RL a d m i t t a n c e  h a s  a l s o  b e e n  c a l l e d  
a n o n - i d e a l  g y r a t o r ^ ’ ^ .
We su m m ar ise  H o r o w i t z ’ s RL a d m i t t a n c e  r e a l i z a t i o n  
method  h e r e ,  b e c a u s e  ( 4 . 1 . 2 )  i s  s i m i l a r  t o  ( 4 . 2 . 5 )  f o r  
t h e  d r i v i n g - p o i n t  a d m i t t a n c e  i n  a  b a l a n c e d  b r i d g e  c i r c u i t ,  
and so  h i s  m e th o d  o f  i n v e r t i n g  a n  RC a d m i t t a n c e  t o  a n  
RL a d m i t t a n c e  c a n  be a p p l i e d .
H o r o w i t z  u s e d  a  v o l t a g e - c o n t r o l l e d  c u r r e n t  s o u r c e  
i n  s h u n t  w i t h  a n  RC a d m i t t a n c e  a s  shown i n  P i g . 4 . 1 .
The d r i v i n g - p o i n t  a d m i t t a n c e  i s  g i v e n  by
s i m i l a r  p r o c e d u r e  h a s  b e e n  a d o p t e d  by B a l a b a n i a n 6
\  + g Y = G —-----
Y, + G
whence Y1 ( 4 . 1 . 2 )G - Y
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o
G
■\A,VV
Y V Y1
F ig - .4 . 1  E q u i v a l e n t  c i r c u i t  f o r  r e a l i z i n g  an
RL a d m i t t a n c e
I f  Y is^  a  s p e c i f i e d  RL a d m i t t a n c e  h a v i n g  the .  
c h a r a c t e r i s t i c  shown i n  F i g . 4 . 2 ,  and  g and G a r e  c h o se n ^  
so t h a t
t h e n  Y-  ^ i s  a n  RC a d m i t t a n c e  w i t h  z e r o s  and  p o l e s  g i v e n  by 
t h e  s o l u t i o n s  o f  Y(S) = g and Y(S) = G r e s p e c t i v e l y .  The 
p o l e s  and  z e r o s  a r e  i n t e r l a c e d  and  t h e  s o l u t i o n  n e a r e s t  
to  t h e  Y - a x i s  i s  a  z e r o .
4 .2  B r i d g e  n e t w o r k  r e a l i z i n g  a  RL d r i v i n g - p o i n t  
a d m i t t a n c e
I n  t h i s  s e c t i o n ,  we i n t r o d u c e  a  new m ethod  o f  
r e a l i z i n g  a  RL d r i v i n g - p o i n t  a d m i t t a n c e  by means o f  a 
b a l a n c e d  b r i d g e  n e t w o r k .  We f i r s t  d e s c r i b e  t h r e e  t y p e s
} Y( 0 ) ;  Y ( o o ) >  G-^0 ( 4 . 1 . 3 )
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Y(S)
O and X" a r e  t h e  z e r o  and  p o l e  f o r  a n  RC a d m i t t a n c e
P i g . 4 . 2  An RL a d m i t t a n c e  p l o t t e d  a s  a f u n c t i o n  
o f  r e a l  S
of "balanced "bridge u s i n g  a c o n t r o l l e d  s o u r c e ,  and 
t r a n s f o r m  one o f  t h e s e  n e tw o r k s  u s i n g  ( 2 . 2 . 4 ) .  Then 
we show t h a t  t h e  d r i v i n g - p o i n t  a d m i t t a n c e  o f  s u c h  
n e tw o rk s  i s  a n  RL a d m i t t a n c e  i f  t h e  p a s s i v e  e l e m e n t s  i n  
th e  t h r e e  arms a r e  p r o p e r l y  c h o s e n .
S t u a r t  and  L a m p a r d ^  i n t r o d u c e d  a b r i d g e  n e tw o r k  
b a l a n c e d  a t  a l l  f r e q u e n c i e s  by a h i g h - g a i n  v o l t a g e -  
c o n t r o l l e d  v o l t a g e  s o u r c e  ( P i g . 4-. 3)?  and  a p p l i e d  i t  t o
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B o t t - D u f f i n  s y n t h e s i s  o f  t w o - t e r m i n a l  im p e d a n c e s  and  t o  a
c o n s t a n t - r e s i s t a n c e  b r i d g e d - T  n e t w o r k .
43P a r s o n s  r e p l a c e d  t h e  h i g h - g a i n  v o l t a g e - c o n t r o l l e d  
v o l t a g e  s o u r c e  by a u n i t y - g a i n  v o l t a g e - c o n t r o l l e d  v o l t a g e  
s o u r c e  ( P i g . 4 . 4 ) ' .  The p r e s e n t  a u t h o r  n o t e d  t h a t  b a l a n c e  
c an  be m a i n t a i n e d  by a  u n i t y - g a i n  c u r r e n t - c o n t r o l l e d  
c u r r e n t  s o u r c e  ( P i g . 4 . 5 ) .  The o n l y  d i s a d v a n t a g e  may be 
t h e  f l o a t i n g  power s u p p l y  f o r  t h e  a m p l i f i e r  w h ic h  a l s o  
o c c u r s  i n  S t u a r t  and  L a m p a rd ’s c i r c u i t .
Ac-
P i g . 4 * 3  B a l a n c e d  b r i d g e  i n c o r p o r a t i n g  a h i g h - g a i n  
v o l t a g e  a m p l i f i e r  ( K - » qq )
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A cv
Y3
D
•v t£ )
B o-
Y1
0
V
Y,
P i g . 4*4 B a l a n c e d  b r i d g e  i n c o r p o r a t i n g  a  u n i t y -  
g a i n  v o l t a g e  a m p l i f i e r
P i g . 4 . 5  B a l a n c e d  b r i d g e  i n c o r p o r a t i n g  a u n i t y -  
g a i n  c u r r e n t  a m p l i f i e r
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By a p p l y i n g  ( 2 . 2 . 4 )  t o  t h e  d r i v i n g - p o i n t  im p e d a n c e ,  
we c a n  r e p l a c e  t h e  a c t i v e  e l e m e n t  i n  P i g . 4 . 4  "by a u n i t y -  
g a i n  c u r r e n t - c o n t r o l l e d  c u r r e n t  s o u r c e  ( P i g . 4 . 6 ) .  Here  
t h e  a m p l i f i e r  d oes  n o t  n e e d  a  f l o a t i n g  power s u p p l y  and 
t h e  c i r c u i t  i s  no l o n g e r  b a l a n c e d ,  b u t  t h e  i n p u t  a d m i t t a n c e  
r e m a in s  u n c h a n g e d .
How c o n s i d e r  a c i r c u i t  e q u i v a l e n t  t o  t h e  b a l a n c e d  
b r i d g e s  a s  shown i n  P i g . 4 - 7 .  The d r i v i n g - p o i n t  a d m i t t a n c e  
b e tw e e n  t h e  t e r m i n a l s  A and  B i s  g i v e n  by
+ ( 4 . 2 . 1 )
A O'
Y3 Y1
j'—'s, I t
B o-
P i g . 4 . 6  C u r r e n t  a n a l o g u e  o f  P i g . 4 . 4  w i t h  t h e  same 
i n p u t  a d m i t t a n c e
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A
Y. Y1
B *>■
D i>C
Y4 Y2
F i g . 4 . 7  E q u i v a l e n t  c i r c u i t  f o r  a  b a l a n c e d  b r i d g e  
i n c o r p o r a t i n g  a n  a c t i v e  s o u r c e
At b a l a n c e ,  t h e  p o t e n t i a l  a c r o s s  CD i s  z e r o  and
Y =4
y 2y 3
Y1
S u b s t i t u t i n g  ( 4 . 2 . 2 )  i n t o  ( 4 . 2 . 1 ) ,  we o b t a i n
( 4 . 2 . 2 )
Y = Y, ( 4 . 2 . 3 )
o r  Yx = Y2
Y -  Y.
Y -  Y 2
( 4 . 2 . 4 )
I f  Y2 and Y^ a r e  r e s i s t i v e ,  s a y  Y2 = C9 and
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Y3 we have
Y -  G-3 ( 4 . 2 . 5 )
0 2 -  Y
w h ic h  i s  ( 4 . 1 . 2 )  w i t h  G- and g r e p l a c e d  by &2 an(  ^
r e s p e c t i v e l y .  I f  Y i s  a s p e c i f i e d  RL a d m i t t a n c e ,  we
so t h a t  Y-  ^ i s  a n  RC a d m i t t a n c e .  Hence P i g s .  4 . 3  -  4 . 6  c an  
r e a l i z e  a  RL d r i v i n g - p o i n t  a d m i t t a n c e .
4 .3  S y n t h e s i s  m ethod  w i t h  t h r e e - t e r m i n a l  RC n e tw o r k  
t e r m i n a t e d  by  a n  RL a d m i t t a n c e
We now d e s c r i b e  a  new m ethod  o f  a p p l y i n g  a  g ro u n d e d
RL a d m i t t a n c e  i n  n e t w o r k  s y n t h e s i s .  The p r o b le m  c a n  be
f o r m u l a t e d  m a t h e m a t i c a l l y  a s  one o f  a d d i n g  o r  s u b t r a c t i n g
s u i t a b l y  r e s t r i c t e d  p o l y n o m i a l s  so  t h a t  t h e  r e s u l t i n g
p o l y n o m i a l  h a s  t h e  com plex  z e r o s  w h ic h  a r e  t h e  d e s i r e d
p o l e s  o f  a  s p e c i f i e d  f u n c t i o n .  I n  a c t i v e  RC s y n t h e s i s ,
t h i s  o p e r a t i o n  i s  im p le m e n te d  by a  c o n t r o l l e d  s o u r c e .
A m ethod  b a s e d  on a d d i t i o n  h a s  t h e  a d v a n t a g e  t h a t  t h e
c o e f f i c i e n t s  a r e  l e s s  s e n s i t i v e  t o  t h e  v a r i a t i o n s  i n  t h e
22  'a c t i v e  e l e m e n t  t h a n  one i n v o l v i n g  s u b t r a c t i o n
( 4 . 2 . 6 )
-  I l l  -
The m ethod  t o  be d e s c r i b e d  u s e s  a d d i t i o n ;  b u t  i t  
h a s  t h e  d i s a d v a n t a g e s  o f  ( i )  a  l o s s  i n  D.C. g a i n  .due t o  t h e  
r e s i s t i v e  componen t  i n  t h e  s h u n t  b r a n c h  ( l o a d )  and  t h e  
a b s e n c e  o f  a n  a c t i v e  e l e m e n t  i n  t h e  s e r i e s  b r a n c h ,  ( i i )  
s u r p l u s  e l e m e n t s  due t o  t h e  c a n c e l l a t i o n  o f  a common 
d e n o m i n a t o r .  T h e r e f o r e ,  a p a r t  f ro m  t h e  s e n s i t i v i t y ,  
t h i s  m ethod  i s  p r o b a b l y  no b e t t e r  than, m os t  o f  t h e  
e x i s t i n g  m e t h o d s .
I f  a  t h r e e - t e r m i n a l  RC n e t w o r k  i s  t e r m i n a t e d  by
an  RC a d m i t t a n c e ,  t h e n  t h e  p o l e s  o f  t h e  v o l t a g e  t r a n s f e r
r a t i o  a r e  r e s t r i c t e d  t o  t h e  n e g a t i v e  r e a l  a x i s  o f  t h e
S - p l a n e .  How ever ,  i f  t h e  l o a d  i s  a n  RL a d m i t t a n c e ,
com plex  p o l e s  c a n  be a l l o w e d .  The v o l t a g e  t r a n s f e r
r a t i o  o f  a  t h r e e - t e r m i n a l  RC n e t w o r k  t e r m i n a t e d  by a
•x-
l o a d  a s  shown i n  R i g . 4 . 8  . i s  g i v e n  by
V -y12O ( 4 . 3 . 1 )
V. 7 2 2  +  Y1
T h i s  g e n e r a l  c o n f i g u r a t i o n  h a s  a l s o  b e e n  g i v e n
57by Su , b u t  Y i s  n o t  s p e c i f i e d .
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Y± U’
1 2
RC
Y Y
P i g . 4*8 T h r e e - t e r m i n a l  n e tw o r k  t e r m i n a  
l o a d
L e t  t h e  s p e c i f i e d  v o l t a g e  t r a n s f e r  r a t i o  he 
Yo = N(S) 
Vj_ D(S)
( 4 . 3 . 2 )
where  t h e  d e g r e e  o f  D(S) i s  n o t  l e s s  t h a n  th e  d e g r e e  o f  
N ( S ) E T ( S ) h a s  no p o s i t i v e  r e a l  z e r o s  and  D(S) h a s  com plex  
z e r o s  o n l y :
D(S) = n  (S + S . ) ( S  + Si )
The c o n d i t i o n  f o r  t h e  RC-RL d e c o m p o s i t i o n  o f  D(S) 
a c c o r d i n g  t o  P i g . 4 . 8  i s  t h a t  p o s i t i v e  A , B , a ^ ? h^ and 
e x i s t  s u c h  t h a t
L (S )  = Aq r f ( S  + a ^ )  + Bq f f ( S  + h i )'
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s  A0A(S)  + B0B(S)  s a y  ( 4 . 3 . 3 )
A A(S)
w here  -----------  = y 9 o> (EC a d m i t t a n c e )  ( 4 . 3 . 4 )
Q ( S ) ^
BnB(S)
------  = Y; (EL a d m i t t a n c e )  ( 4 . 3 . 5 )
Q( S)
2m
Q( S)  = p ( S  + q ± ) ( 4 . 3 . 6 )
12C a l a h a n  h a s  shown t h a t  i f
f a r g S .  ( 4 . 3 . 7 )
1 2
a RC-RL d e c o m p o s i t i o n  i s  a lw a y s  p o s s i b l e .  RC-RL 
d e c o m p o s i t i o n  i s  t h e r e f o r e  a lw a y s  p o s s i b l e  ’when m = 1 .  
To c o m p l e t e  t h e  s y n t h e s i s  o f  ( 4 . 3 . 2 ) ,  we m us t
make
N(S) ,  Q\-y-io ~ ( 4 . 3 . 8 )
Q(S)
T h is  i s  a lw ay s  p o s s i b l e  to  w i t h i n  a  c o n s t a n t  m u l t i p l i e r  
s i n c e  h a s  t h e  same p o l e s  a s  y p p 9
Example 4 . 1
V
To r e a l i z e ,  a s  —  i n  P i g . 4 . 8 ,  t h e  n o r m a l i z e d  lo w -
Y.
p a s s  B e s s e l  f i l t e r  1
F ( S )  = h
S2 +J3S + 1
where h  i s  a  c o n s t a n t  t o  be  d e t e r m i n e d .
2T
T?
4 _ l
v
C1 = 0.3335F 
C2 .« 0 . 5787F 
C3 -■■0.5787F:
-  1 .255a
^ 6 , 6 6 ? A
= 0 . 2 5 a
R • = 0 .4 5 1 2 a
R. 1.667  A
R6 ; = 2 .5  A
F i g . 4 .9  C i r c u i t  f o r  r e a l i s i n g  the second-brder Bessel 
f i l t e r  ( 4 . 3 *9) v/ith I s  delay using the co n f i ­
g u ra t io n  of l?J g , 4 * 8
-  115 -
We w r i t e  t h e  d e n o m i n a t o r  i n  t h e  fo rm  
,2S + J3S + 1 = (S + 0 . 2 ) (S + 1 . 2 )  + 0 .3 3 2 1 ( S  + 2 . 2 8 8 )  
and t a k e  Q(S) = S + 1 ,  so  t h a t
h
Y
Y± (S + 0 . 2 ) ( S  + 1 . 2 )  0 . 3 3 2 l ( S  + 2
0 ,S + 1
• 2 ) ( S + (
S + 1 S + 1
- y i 2
y + y 22
15By t h e  P i a l k o w  and G e r s t  c o n d i t i o n  , 
h ^ 0 . 2  x  1 , 2  =  0 , 2 4  ■
i n  t h i s  r e a l i z a t i o n .  We t a k e  h  = 0 . 2 4 .
Y i s  a n  RL a d m i t t a n c e  w h ic h  c a n  be r e a l i z e d  by - 
R ig .  4 . 6 .  Prom ( 4 . 2 . 5 ) ,  we w an t  t o  c h o o se  an(  ^
so t h a t  Y^ i s  a n  RC a d m i t t a n c e .  We h av e  Y (o a )  = 0 . 3 3 2 1 ,  
Y(0) = 0 . J 6 ,  so  ( 4 . 2 . 6 )  g i v e s  0 .3 3 2 1  > G£ ^ 0 and  G - ^ ^ 0 .7 6 .  
Choose  G2 = 0 . 1 5 ,  G^ = 4
t h e n  Y, = ■^ • 02^CS. + Q'J*§22l = 0 .7 9 7 0  + 2>224?------
1 S + 3 . 3 4 8  S + 3 .3 4 8
P i g . 4 . 9  shows t h e  r e s u l t i n g  r e a l i z a t i o n  o f
1°  = °«72 ----- (4 .3 .9 )
Vj_ + 3S + 3
25v5 v
TT -
25v
°1  -  
c 2 =
C 3  ~  
C  *
0 .1918^?
0 . 2 8 9 4 / P
0 . 2 8 9 4 / x F
50^P
b. UsInr; F i g . 4*5
3^ «' 2 * 510kXl 
F 2 « 13.33kA 
IU '■* 0 .5kA  
H* = 0*9024kft
R 5  -  3 . 3 3 3 k i L  
R6 = 5kXl 
R? » 5k&
•4*10' Two trans i t? t e r  c i r c u i t s '  fo r  r e a l i z i n g  the 
- - second-order Be sse l -  f i l t e r  with  1ms delay 
-us ing  the co r . i ' i g n ra t to n .  of F i g . 4.8
frequency (lO^rad/s)
0.1 1 10
• z  ■■■ ■
frequency (10 r a d / s )
P i g . 4.11 Frequency response curves of Fig .4«lQa Q and
Fig .4 .10b  0  Input:  3v r .m .s .
am
pl
itu
de
 
(v
)
time (ms) .time (ms)
For F ig .4 .1 0 a  • For F ig .4 .10b
(a) Experimental
1
0.5
0
32 t10
time (ms)
(b) T heo re t ica l
F i g . 4.12 Step, responses of F i g . 4 . 10a and F ig .4 .10b  
Input s tep :  5v . ' ■
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A c i r c u i t  r e a l i z i n g  ( 4 . 3 . 9 )  w i t h  1ms d e l a y  was 
b u i l t ,  u s i n g  a common-base t r a n s i s t o r  a m p l i f i e r  ( F i g . 4 . 1 0 a ) .  
An a l t e r n a t i v e  c o n n e c t i o n  ( F i g . 4 . 5 )  f o r  t h e  a m p l i f i e r  i s  
shown i n  F i g . 4 . 1 0 b .  P a s s i v e  e l e m e n t s  o f  3% t o l e r a n c e  w ere  
u s e d  and  t h e  e x p e r i m e n t a l  r e s u l t s  f o r  t h e s e  two c i r c u i t s  
a r e  shown i n  F i g s . 4 . 1 1  and 4 . 1 2 .
4 . 4  E x t e n s i o n  o f  t h e  m ethod  o f  S e c t i o n  4 . 3  t o  p e r m i t
’ op t im u m ’ d e c o m p o s i t i o n  o f  D(S) w i t h  two RC n e tw o r k s  
o f  o r d e r  m ( F i g . 4 .1 5*  4 .-18)
C a la h a n ,  h a s  shown t h a t  i f  ( 4 . 3 . 7 ) i s  s a t i s f i e d ,
t h e n  t h e  d e c o m p o s i t i o n
m 9 m 9
D(s)  = Ao 'jl (S + a p  + Bo !J(S + B . T
= A0A2 (S)  + B0B2 (S)  s a y  ( 4 . 4 . 1 )
w i t h  a ^ < b^ f o r  e a c h  i ,  i s  p o s s i b l e .  T h i s  d e c o m p o s i t i o n ,
w h ic h  i s  n o t  u n i q u e ,  m in im iz e s  t h e  s e n s i t i v i t y  o f  t h e  p o l e s ,
t h e  c o e f f i c i e n t s  o f  D(S) and  t h e  f r e q u e n c y  r e s p o n s e  w i t h
&r e s p e c t  t o  t h e  a c t i v e  e l e m e n t  p a r a m e t e r s .  B a l a b a n i a n  
a l s o  t r i e d  t o  u s e  t h i s  ’ o p t im um 1 d e c o m p o s i t i o n  b u t  d i d  
n o t  s u c c e e d  i n  r e a l i z i n g  a  g e n e r a l  t r a n s f e r  f u n c t i o n .
( 4 . 4 . 1 ) s u g g e s t s  t h e  p o s s i b i l i t y  o f  h a l v i n g  t h e  
o r d e r  o f  t h e  RC n e t w o r k  i n  F i g . 4 . 8  by c h o o s i n g
Q(S) = A(S) B(S) ( 4 . 4 . 2 )
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and t a k i n g
A A2 (S)  A A(S)
y h  =---- — ------  = - 2 - —  ( 4 . 4 . . 3 )
Q(S) B ( S )
B B2 (S)  B B(S)
Y = - 2 ------  = — --------  ( 4 . 4 . 4 )
Q(S) A(S)
y h  w i l l  r e f e r  to  n e tw o r k  A i n  t h e  s u b s e q u e n t
A Ad i s c u s s i o n .  S i n c e  y - ^  a n d 3^2  i iave same p o l e s ,  we
c a n  w r i t e
s a y  ( 4 , 4 . 5 )~y 12 
A/ \ ^w here  N (S)  i s  a  p o l y n o m i a l  o f  d e g r e e  m. I n  F i g . 4 . 8 ,  
f rom  ( 4 . 3 . 1 ) and  t h e  above  e q u a t i o n s ,  we now have
1 ° = I tU L L M * !  ( 4 . 4 . 6 )
v ± D( S)
The o b j e c t  o f  t h e  p r o p o s e d  e x t e n s i o n  i s  t o  remove 
t h e  u n w a n te d  f a c t o r  A(S) f rom  t h e  n u m e r a t o r  o f  t h e  v o l t a g e  
t r a n s m i s s i o n .  To do t h i s  we mays
( i )  I n  F i g . 4 . 4 ,  f e e d  t h e  s o u r c e  V i n t o  a n o t h e r  
t h r e e - t e r m i n a l  RC p a s s i v e  n e t w o r k ,
o r  ( i i )  I n  F i g . 4 .5 ?  f e e d  t h e  s o u r c e  I  i n t o  a  s e c o n d  
RC n e t w o r k  B ( F i g . 4 . 1 3 ) ?
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o r  ( i i i )  R e v e r s e  t h e  t e r m i n a l  A and B o f  P i g . 4 . 5  so  t h a t  
Y may he r e p l a c e d  Toy a  t h r e e - t e r m i n a l  n e tw o r k  B ( P i g „ 4 . 1 8 )
Of t h e s e ,  ( i i i )  h a s  t h e  a d v a n t a g e  t h a t  t h e  number 
o f  e l e m e n t s  r e m a i n s  t h e  same s i n c e  Y-  ^ now s e r v e s  two 
f u n c t i o n s s  f i r s t  t o  g i v e  t h e  r e q u i r e d  d r i v i n g - p o i n t  
a d m i t t a n c e  b e tw e e n  A and C, and  s e c o n d  t o  remove t h e  
u n w a n te d  f a c t o r  A ( S ) .  B u t  a  l a r g e  d e c r e a s e  i n  B.C. g a i n  
may r e s u l t  due t o  t h e  r e s i s t i v e  component  i n  t h e  s h u n t  
b r a n c h .  ( i i )  h a s  t h e  a d v a n t a g e  o f  c o n t r o l l i n g  B.C. g a i n  
a l t h o u g h  t h e  number  o f  e l e m e n t s  i s  i n c r e a s e d  due t o  t h e  
s e c o n d  RC n e t w o r k .  ( i )  h a s  n e i t h e r  i n c r e a s e  i n  B .C .  g a i n  
n o r  f e w e r  e l e m e n t s ,  and so i t  i s  n o t  d i s c u s s e d  f u r t h e r .
4 .4 * 1  Method ( i i )  ( P i g . 4 . 1 3 )
We may r e a l i z e  t h e  w a n te d  t r a n s f e r  f u n c t i o n  
¥ ( S ) / e (S)
as
Row
I ?
yB 
-  _ 2 .
I
<=rj o! 
>
V.1 I 0 V.l
I
~ 0
h e n c e  ■+i—i 
kH (*2
1 °  = ZB , ( 4 . 4 . 7 )
V. Y, + G2 D(S)
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F i g . . 4 . 1 3  M o d i f i c i a t i o n  f o r  a l l o w i n g  optimum RL-RC
We now 
by ( 4 . 2 . 3 ) ,
Y = g2
so t h a t  t h e  
f rom ( 4 . 4 . 4
so we c a n  w:
i
I
i
d e c o m p o s i t i o n  w i t h  c o n t r o l l a b l e  P .O .  g a i n  
(m ethod  ( i i ) )
show t h a t  A(S)  i s  a  f a c t o r  o f  Y-  ^ + G^5 
we h av e  
Y-, + GU
. — ------- 2. ( 4 . 4 . 8 )
Y1 + G2
p o l e s  o f  Y a r e  t h e  z e r o s  o f  Y^ + G-^5 h e n c e  
) t h e  z e r o s  o f  Y-  ^ + a r e  bhe z e r o s  o f  A ( S ) ,  
r i t e
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I l Y I s  1  M2L. say  ( 4 . 4 . 9 )
G2 a 3 CoC(S)
m
w here  C(S)  e ^  (S + c ^ )  and  a l l  c^>  0 s i n c e  Y.  ^ i s
RC p a s s i v e .  Thus ( 4 . 4 . 7 )  and  ( 4 . 4 , 9 ) g i v e
V® _ c c(s) ha(s )
—  = z® . -2 ~ - ( 4 . 4 . 1 0 )
V. ^  D(S)
and t o  c o m p l e t e  t h e  r e a l i z a t i o n  we m ust  have
_B N(S) , „ „ , - , nz , „  = -----------1—<-j— —  ( 4 . 4 . 1 1 )
. c^c(s) r  (s)
To m in im iz e  t h e  o r d e r  o f  n e t w o r k  B we s h o u l d  c h o o se  
F ^ (S )  t o  be a factor o f  U ( S ) .
An i m p o r t a n t  f e a t u r e  o f  t h i s  m ethod  i s  t h a t  we
■g
c an  v a r y  t h e  im p ed ance  l e v e l  o f  z - ^  t o  o b t a i n  a s p e c i f i e d
B.C. g a i n  f o r  I ’( S ) .
Example 4 . 2
To r e a l i z e  t h e  E (S )  o f  Example  4 . 1 ,  b u t  w i t h  h  = 1 ,  
as  i n  E i g . 4 . 1 3 .  U s in g  C a l a h a n ' s  optimum RC-RL
d e c o m p o s i t i o n ,  we t a k e
D(S) = 2 ( S 2 + J3S + 1)
= (S + 1 . 3 6 6 ) 2 + (S + 0 . 3 6 6 ) 2
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and  so A(S)  = S + 0 .3 6 6  
B(S) = S + 1 .3 6 6
By ( 4 . 4 . 4 )  Y = S - ± - i t 3 6 6
S + 0 .3 6 6
A S + 0 .3 6 6By ( 4 . 4 . 3 )  y £ 2 = 
Hence - y
S + 1 .3 6 6  
A 0 .3 6 6
S + 1 . 3 6 6  
so t h a t  NA(S)  = 0 .3 6 6
To r e a l i z e  Y? we c h o o se  0^ and a c c o r d i n g  to
( 4 . 2 . 6 )  w i t h  Y(<x>) = 1 and Y(0)  = 3 .7 ?  so  we t a k e  
0 2 = 0 . 5 ,  G* = 10 .
Then by ( 4 . 2 . 5 )
Y = B0(S + 0 . 5 6 6 )  -  (S + 1 . 3 6 6 )  = 9S + 2 .2 9 4
1 2 (S + 1 . 366) -  (S + 0 . 366) S + 2.366
= 0 .9 6 9 6  + 8 -°30S
S + 2•366
Y + Gr
By ( 4 . 4 . 9 ) Y1 + G2 _ (9S + 2 .2 9 4 )  + 0 . 5 (S + 2 . 3 6 6 )
GgG, 5(S + 2 . 3 6 6 )
S + 0 .3 6 6  
0 . 5 2 6 3 ( S  + 2 . 3 6 6 )
and so  CoC(S) = 0 .5 2 6 3 ( S  + 2 . 3 6 6 )
By ( 4 . 4 . 1 1 )  z®2 =
0 . 5 2 6 3 ( S  + 2 . 3 6 6 )  x  0 .3 6 6
C1 = 1 .959?
C2 = 0.5787F 
» 0.09633F
R. ■1.033.a
R2 “ 2il
R.
s'
0,111
0 ; i2 4 5 i i
R5 = 2.71711 
R6 = -1.002X1 
H? = 4 .387A
P i g . 4 .1 4  C i r c u i t  f o r  r e a l i z i n g  th e  s e c o n d - o r d e r  B e s s e l  
f i l t e r  w i th  I s  d e la y  u s i n g  th e  c o n f i g u r a t i o n
o f  P i g . 4 .13
C +
o——|[]—V W —• —v w —
6v
ACY302 T
40v
C1 = 0.4493/*P 
C 2  =  0 . 1 3 3 3 / * P -  
C3 = 0.02225y«F 
C * - 5 0 / d ?
R.
R^
4 . 4851c A 
8 . 685kA
R^ = 0.4341kA 
R^ s 0 . 5 403kA
R«
r !
11.79kA 
4 . 338kA
Ry = 19 .04kA
P i g . 4 .15  T r a n s i s t o r  c i r c u i t  f o r  r e a l i z i n g - t h e - s e c o n d - .
. o r d e r  E e s s e l  f i l t e r  w i th - lm s  d e la y  u s i n g  th e
c o n f i g u r a t i o n  of  F i g . 4 .13
0.1 1 10
f r e q u e n c y  ( l O ^ r a d / s )
-9 0
-135
101
f re q u e n c y  ( l O ^ r a d / s )
P i g . 4 .16  Frequency  r e s p o n s e  c u rv e s  o f  F i g . 4 .15  O and F i g . 4 .20  0
I n p u t :  r . m . s .
^ I
0
-p•HiH
fta
03
1 ’
- t im e . ( m s )
(1)  Po r  P i g . 4 . 1 5
t;
j
i | 0 .0 8  
! 0 .0 4
tY
j
time (ms)
( 2 ) ' For P i g . 4 .20
(a)  Experimental
‘ (2) 
9  0.12
5  0 .0 8  
•p
h  0 .0 4f ta
"  ' o
( l )  '
2 r
210
time (ms)
(b) T h e o r e t ic a l
P i g . 4 .1 7  Step responses  o f  P igs  «■. 4 .1 5  and 4 .20
Input s tep :  2v
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1 0 .3 8  
S + 2 ,3 6 6
w h ic h  i s  an  RC im pedance  c h o s e n  t o  make h  = 1-* The 
c i r c u i t  f o r  t h e  d e n o r m a l i z e d  t r a n s f e r  f u n c t i o n  i s  
shown i n  R i g . 4 . 1 4 .
As b e f o r e ,  we u s e  a  common-base t r a n s i s t o r  a m p l i f i e r  
and  c h o o se  t h e  p a s s i v e  e l e m e n t s  w i t h i n  3cp  t o l e r a n c e  
( R i g . 4 . 1 5 ) .  The e x p e r i m e n t a l  r e s u l t s  a r e  shown i n  R i g s . 4 .1 6  
and 4 . 1 7  . "
4 . 4 . 2  Method ( i i i )  ( R i g . 4 . 1 8 )
We may r e a l i z e  t h e  s p e c i f i e d  t r a n s f e r  f u n c t i o n  
N ( S ) /D ( S )  a s
yB -y-B yA
0 _ 0 1 o
“ B 0 A *V. VT V V.1 1 0  1
( 4 . 4 . 1 2 )
U s in g  ( 4 . 4 . 6 ) we have
Z °  =  h i  z l l  gA(S)  A(S)
A  "  ‘ R2 + zI l  "
where  z?-. = —  and  R9 = —1—
Y!  G2
Rrom ( 4 . 4 , 9 ) ,  t h e  z e r o s  o f  a r e  t h o s e  o f
A(S)$ we have
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11
VB
P i g . 4 o 18 M o d i f i c a t i o n  f o r  a l l o w i n g  optimum RL-RC
d e c o m p o s i t i o n  w i t h  e l e m e n t s  (m ethod  ( i i i ) )
Z-, -j +  B p
Y1 + G2 =
Z11 2
( 4 . 4 . 1 3 )
B-so t h e y  a r e  a l s o  t h e  z e r o s  o f  z-q  + B^ .  T h e r e f o r e  ? we 
c an  w r i t e
B
*11
2 1 B + z11
C0C ( S ) / E ( S )
A ( S ) / E ( S )
m
s a y
m
( 4 . 4 . 1 4 )
where  C(S) = ^  (S + c ^ ) ,  E (S )  = ^  (S + e ^ )  and  a l l  
c i >  e ^ >  0 ,  s i n c e  n e tw o r k  B i s  BC p a s s i v e .  ( 4 . 4 . 1 2 )  
and ( 4 . 4 . 1 4 ) g i v e
and t o  c o m p l e t e  t h e  r e a l i z a t i o n ,  we have
ZB 
12
A   ( 4 . 4 . 1 5 )
Z11 Co ° ( S ) H ( S ) / E ( S )
To m in im iz e  t h e  o r d e r  o f  n e t w o r k  B, 1ST ( S ) i s  c h o s e n  
t o  he a  f a c t o r  o f  B ( S ) ,  ^ n d  we l e t
g| S ')—  = NB(S)  ( 4 . 4 . 1 6 )
c ona ( s )
T h e r e f o r e  we h ave
, £ m t  i . i . s i a  ( 4 . 4 . 1 7 )
E ( S )  xx E (S )
1 STo s a t i s f y  F i a l k o w  and  G - e r s t ’ s c o n d i t i o n  , t h e
"B
c o e f f i c i e n t s  o f  N (S)  c a n n o t  he g r e a t e r  t h a n  t h e  
c o r r e s p o n d i n g  c o e f f i c i e n t s  o f  C ( S ) ,  a n d  t h i s  l i m i t s  
t h e  a l l o w a b l e  B .C .  g a i n  o f  F ( S ) .
Example  4 .3
F o l l o w i n g  t h e  p r e v i o u s  Example  4 . 2 ,  we o b t a i n  
v 9S + 2 .2 9 4  _= „ „B 0 .1 1 1 1 S  + 0 .2 6 2 9
j" —  1  »  £ 3  «  / j - I  - j  —  ~ 1 _
x S + 2 .3 6 6  xx S + 0 .2 5 4 9
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K X h
0 ±  =  1*959? \  *  1.033JL R 4  =  0 . 1 2 4 5 a
C 2  =  0 * 5 7 8 7 ?  R 2  *  2 a  R 5  =  2 . 7 1 7 A
R^ = 0.1X1 R6 = 1.002X1
F i g . 4 .19  C i r c u i t  f o r  r e a l i z i n g  th e  s e c o n d - o r d e r  B e s s e l
_ f i l t e r  u s i n g  th e  c o n f i g u r a t i o n  o f  F i g . 4 .18  w i th  
I s  d e la y
,21 v
ACY30
C1 = 0 .4493/? '  R1 = 4 .485ki i  R4 = 0.5403kXl
C2 * 0 .1 3 3 3 /F  R2 = 8 . 685kA R5 = 11.79kXl
C = 50a F . R3 s  0.4341kxi R6 = 4.338kXl
F i g . 4 .2 0  T r a n s i s t o r  c i r c u i t  f o r  r e a l i z i n g  th e  seco n d -
’ o r d e r  B e s s e l  f i l t e r  u s i n g  th e  c o n f i g u r a t i o n  o f
F i g . 4 .1 8  w i th  1ms d e la y
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T h e r e f o r e  by F i a l k o w  and G e r s t  c o n d i t i o n ,
JB 0 .2 6 2 9
12  “. ' S + 0 .2 5 4 9
w h e r e a s  ( 4 . 4 . 1 6 )
NB(S)  = ---------------------   = 1 1 . 5 4
0 .4 7 4 2  x  0 .3 6 6
Hence t h e  r e s u l t a n t  h . C .  g a i n  i s
^ £ 6 2 9  = 0.02278 
1 1 . 5 4
The c i r c u i t  f o r  t h e  d e n o r m a l i z e d  t r a n s f e r  f u n c t i o n  
i s  shown i n  F i g . 4 .1 9  and a c i r c u i t  r e a l i z i n g  t h i s  s e c o n d -  
o r d e r  B e s s e l  f i l t e r  w i t h  1ms d e l a y  was b u i l t  ( F i g . 4 . 2 0 )  
u s i n g  a  common-base t r a n s i s t o r  a m p l i f i e r ,  and  e l e m e n t s  
o f  3^  t o l e r a n c e .  The e x p e r i m e n t a l  r e s u l t s  a r e  shown i n  
F i g s . 4 . 1 6  and  4 - 1 7 .  F i g . 4 .1 6  shows t h a t  F i g . 4 . 2 0  g i v e s  
t h e  b e t t e r  a c c u r a c y .  S i n c e  n e tw o r k  B o f  F i g . 4 . 2 0  u s e d  
e x a c t l y  t h e  same com ponen ts  a s  Y-  ^ o f  F i g . 4 .1 5  i n  t h e  
e x p e r i m e n t s ,  t h e  a d d i t i o n a l  e r r o r  i n  t h e  f r e q u e n c y  r e s p o n s e  
c u r v e s  f o r  F i g . 4 .1 5  i s  t h o u g h t  t o  be due t o  n o n - e x a c t  
c a n c e l l a t i o n  o f  t h e  common f a c t o r  C(S) f o r  and Z - ^ .
The D.C. g a i n  may be i n c r e a s e d  by d e c r e a s i n g  G^ and 
i n c r e a s i n g  Gg. ^  we c h o o se  G^ = 5? G^ = 0 . 8 ,  t h e n
-  133 -
by ( 4 . 2 . 5 )
Y = 5( S + 0 . 3 6 6 )  -  (S + 1 . 5 6 6 )  = 4S + 0 .4 6 4
1 1 . 2 5 ( S  + 1 . 3 6 6 )  -  (S + 0 . 3 6 6 )  0 .2 5 S  + 1 .3 4 2
. B _ 0 .0 6 2 5 S  + 0 .3 3 5 5-L • o * *11 — 1 1 "
x S + 0 .1 1 6
and so  z ? p =
S + 0 .1 1 6
Hence t h e  r e s u l t a n t  D.C. g a i n  i n  t h i s  c a s e  i s
0 .7 6 3 4  x 0 .3 6 6  x 0 .3 3 3 5  = q . 04687  
2
The maximum D.C. g a i n  i s  l i m i t e d  t o  0 .0 6 7 7 8  by 
t h e  c o n d i t i o n s  Y (0 )  = 3 . 7  and =
4 . 5  C o n c l u s i o n s
Of t h e  t h r e e  m e tho d s  o f  s y n t h e s i s  u s i n g  t h e  new 
m ethod  o f  r e a l i z i n g  a n  RL a d m i t t a n c e ,  e a c h  h a s  i t s  
a d v a n t a g e s  s
A. The m ethod  o f  S e c t i o n  4 . 3  c a n  a v o i d  t h e  u s e  o f  
a f l o a t i n g  power s u p p l y .
B. The m ethod  o f  S e c t i o n  4 . 4 . 1  h a s  c o n t r o l l a b l e  B .C .  
g a i n  and  t h e  t r a n s f e r  f u n c t i o n  h a s  minimum s e n s i t i v i t y  
t o  t h e  v a r i a t i o n s  o f  t h e  a c t i v e  e l e m e n t .
C. The m ethod  o f  S e c t i o n  4 . 4 . 2  h a s  f e w e r  e l e m e n t s  and  
a l s o  t h e  same minimum s e n s i t i t y  a s  B, b u t  i t  d o e s  n o t
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c o n t r o l  t h e  B .C .  g a i n .
They a l l  s u f f e r  f rom  t h e  d i s a d v a n t a g e  t h a t  t h e y  
c a n n o t  he c a s c a d e d  d i r e c t l y  w i t h o u t  an  i s o l a t i n g  
a m p l i f i e r .  T h e r e f o r e ,  t h e  m etho d s  would  o n l y  he 
c o n s i d e r e d  when t h e  minimum s e n s i t i v i t y  o f  a s p e c i f i e d  
t r a n s f e r  f u n c t i o n  t o  t h e  a c t i v e  e l e m e n t  p a r a m e t e r s  i s  a 
m a j o r  r e q u i r e m e n t .
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CHAPTER 3
ACTIVE RC NETWORK SYNTHESIS USING- THREE-TERMINAL 
NETWORKS AND OHE OPERATIONAL AMPLIFIER
5 •4  I n t r o d u c t i o n
I d e a l l y ,  a n  o p e r a t i o n a l  a m p l i f i e r  h a s  a n  i n f i n i t e  
i n p u t  i m p e d a n c e , '  z e r o  o u t p u t  im pedance  and i n f i n i t e  
n e g a t i v e  v o l t a g e  g a i n .  T h e re  m us t  he d i r e c t  o r  i n d i r e c t  
f e e d b a c k  a r o u n d  t h e  a m p l i f i e r  f o r  s t a b i l i t y .  The i n f i n i t e  
g a i n  c a u s e s  t h e  i n p u t  v o l t a g e  t o  he a t  e a r t h  p o t e n t i a l ;  
t h i s  ’v i r t u a l  e a r t h *  may t h e n  he u s e d  a s  a  summing 
j u n c t i o n  f o r  c u r r e n t s .
V a r i o u s  m e th o d s  h av e  b e e n  d e s c r i b e d ^ ’ ^ ^ 9^ ?^ ^ y 
5 8 ,6 8  £ o r  Sy n - t h e s i s i n g  t r a n s f e r  f u n c t i o n s  by o p e r a t i o n a l
a m p l i f i e r s  a n d  RC n e t w o r k s .  The u s u a l  a p p r o a c h  i s  t o  a d o p t  
a p a r t i c u l a r  c o n f i g u r a t i o n  and  t h e n  c h o o se  e l e m e n t  v a l u e s  
t o  r e a l i z e  t h e  g i v e n  f u n c t i o n .  I n  t h i s  c h a p t e r ,  a  few 
c o n f i g u r a t i o n s  a r e  s t u d i e d  v i a  t h e i r  s h o r t - c i r c u i t  a d m i t ­
t a n c e  f u n c t i o n s ;  t h i s  r e v e a l s  t h e  c o n s t r a i n t s  on t h e  
c l a s s  o f  r e a l i z a b l e  t r a n s f e r  f u n c t i o n  w h ic h  a r e  im posed  
by t h e  p a r t i c u l a r  c o n f i g u r a t i o n .
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S e c t i o n  5 . 2  d e s c r i b e s  two c i r c u i t s  c o n t a i n i n g  one 
a m p l i f i e r  and  one t h r e e - t e r m i n a l  RC n e t w o r k ;  one o r  
o t h e r  ( b u t  n o t  b o t h )  i s  c a p a b l e  o f  r e a l i z i n g  any s e c o n d -  
o r d e r  t r a n s f e r  f u n c t i o n .  S e c t i o n  5 -3  d e s c r i b e s  two c i r c u i t s  
c o n t a i n i n g  one a m p l i f i e r  and two t h r e e - t e r m i n a l  n e t w o r k s .
Most  o f  t h e  c i r c u i t s  w h ic h  c a n  be d e r i v e d  a r e  
l i m i t i n g  c a s e s  a s  K - * - o o  o f  f i n i t e - g a i n  v o l t a g e -  
a m p l i f i e r  c i r c u i t s  d e s c r i b e d  i n  C h a p t e r  3* The t r a n s ­
p o s i t i o n  r u l e  ( S e c t i o n  2 . 3 )  t h e n  g i v e s  t h e  c u r r e n t  
a n a l o g u e s ,  and  t h e s e  a r e  t h e  c i r c u i t s  a s  d e s c r i b e d .
These  c u r r e n t  a n a l o g u e s  do n o t  r e s u l t  f rom  l e t t i n g  
K -* — co i n  t h e  f i n i t e - g a i n  c u r r e n t - a m p l i f i e r  c i r c u i t s .
I t  d o es  n o t  o f  c o u r s e  f o l l o w  t h a t  e v e r y  f i n i t e - g a i n  
c i r c u i t  h a s  a  u s e f u l  o p e r a t i o n a l  a n a l o g u e .
5 .2  One RC n e t w o r k
5 . 2 . 1  C i r c u i t  d e r i v e d  f rom  S e c t i o n  3 . 3 . 1
By m ak ing  K -  o q  , we o b t a i n  F i g . 5 . 1 .  The c u r r e n t  
t r a n s f e r  r a t i o  i s  g i v e n  by
- * 1 2 ( 5 . 2 . 1 )
I .l
where  k  i s  g i v e n  a s  b e f o r e  by
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I .i
F i g . 5 • 1  O p e r a t i o n a l  a n a l o g u e  o f  F i g . 3 . 4
U =------------ If ( 3 . 3 . 2 )
k
and 0 < k £ 1 .
Any s e c o n d - o r d e r  t r a n s f e r  f u n c t i o n  r e a l i z e d  by .
( 5 . 2 . 1 )  m u s t  be o f  t y p e  ( i i ) ,  S e c t i o n  3 . 6 .
When k  = 1 ,  i . e .  I  = c ,  we o b t a i n  t h e  same
c o n f i g u r a t i o n  by l e t t i n g  K -  oc in '  ( 3 . 3 . 1 2 ) ,  Pande  and 
42S h u k la  h av e  u s e d  t h i s  t o  r e a l i z e  s e c o n d -  and  t h i r d - o r d e r  
t r a n s f e r  f u n c t i o n s .
2A g g a r w a l ’ s c i r c u i t  , F i g . 5 . 2  i s  a l s o  a  p a r t i c u l a r  
’v o l t a g e ’ fo rm  o f  t h i s  n e tw o r k  w i t h  k = 1 .  The l i m i t a t i o n  
on h i s  c i r c u i t  c a n  be s e e n  i m m e d i a t e l y  f ro m  ( 5 . 2 . 1 ) .
S in c e  t h e  t h r e e - t e r m i n a l  n e tw o r k  i s  a  l a d d e r  n e t w o r k , 
y12 c a n  onl y  h av e  s i m p l e  n e g a t i v e - r e a l  z e r o s .
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V,i V
F i g . 5 . 2  C i r c u i t  due
Example  5 . 1
To r e a l i z e  a  s e c o n d - o r d e r  b a n d - p a s s  f u n c t i o n  by 
F i g . 5 . 1 .
-  8 SF ( S )  = - T
S"1 + olS + j3
v/here £ = 2 dL
&We l e t  - y 22 k = 1S + <r
( 5 . 2 . 2 )
and so y 22
s + d $  + $
s + a*
+
s + a
The z e r o s  o f  y ^  a r e  n e g a t i v e  r e a l  s i n c e
o
oL + e  > 0; ( d  + t ) c - 4 /S = oL2 + g 2 > 0
y 22 i s  t h e r e f o r e  RC- r e a l i z a b l e  i f  CT i s  c h o s e n  t o  l i e  
b e tw e e n  them .
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F o r  c o m p a c t n e s s ,  we may c h o o se  0" = oL, t h e n  
I  S + /3y22 = S + ( 5 . 2 . 3 )S + cL
and we h a v e  t h e  n e tw o r k  o f  F i g . 5 .3*  T h i s  i s  t h e  c u r r e n t  
a n a l o g u e  o f  a  w e l l - k n o w n  c i r c u i t .
5 . 2 . 2  A p p l i c a t i o n  c f  d i r e c t  f e e d b a c k
T h i s  i s  a  new a p p r o a c h  t o  r e a l i z i n g  s e c o n d - o r d e r  
t r a n s f e r  f u n c t i o n s .  I f  we a p p l y  f e e d b a c k  f rom  t h e  
o u t p u t ’ a s  shown i n  F i g . 5 . 4 ,  and  u s e  t h e  o p e r a t i o n a l  
a m p l i f i e r  a s  a  summer, we have
( 5 . 2 . 4 )I o ( l  + k )  = Vy12
I ,  -  k l  = VY 1 o ( 5 . 2 . 5 )
R = i n
C1 yt>
r y>C5<
I
F i g . 5 . 3  C i r c u i t  r e a l i z i n g  - -  ^
£ s
I ,  + di S + (5
t h e  c o n f i g u r a t i o n  o f  F i g . 5 . 1
u s i n g
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h i
Y
W"' 2 ---- 4
B k
F i g . 5 . 4  C i r c u i t  w i t h  d i r e c t  f e e d b a c k  f rom  o u t p u t
T h e r e f o r e y 12
I i  (1 + i )  Y -  ky12
( 5 . 2 . 6 )
( 5 . 2 . 6 )  c a n  r e a l i z e  t y p e s  ( i )  and  ( i i i ) ,  S e c t i o n  3 . 6 ,  
a l t h o u g h  Y f  ^22'
5 . 2
Use ( 5 . 2 . 6 )  t o  r e a l i z e  
F(S) = -------=-£---------
s S  i s  + f i
( 5 . 2 . 7 )
We c a n  p u t  k  = 1 ,  and  t a k e
- y i 2 "  2 /3 Y = SS + d
Then s u b s t i t u t i n g  i n t o  ( 5 ' . 2 . 6 ) ,  we have
P i g . 5 . 5  C i r c u i t  r e a l i z i n g  ( 5 . 2 . 8 )  u s i n g  t h e  
c o n f  i g u r a t i c '
2/3 -P L—    ( 5 . 2 . 8 )
S + oC S + /3>2S(S + pi ) + 2fS
and t h e  c i r c u i t  i s  shown i n  P i g . 5 . 5 .  A g a in  i t  i s  t h e  
c u r r e n t  a n a l o g u e  o f  a  w e l l - k n o w n  c i r c u i t .
5 .3  Two RC n e tw o r k s
, 5 . 3 . 1  C i r c u i t  d e r i v e d  f rom  S e c t i o n  3 . 7
L e t t i n g  K -* - d o ,  and c o n v e r t i n g  t o  c u r r e n t  a m p l i f i c a t  
g i v e s  P i g . 5 . 6 .  The c u r r e n t  t r a n s f e r  r a t i o  i s
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I o
P i g . 5 .6  ■ O p e r a t i o n a l  an a logue  o f  th e  c i r c u i t ,  P i g . 5*7
I o
P i g . 5*7 O p e r a t i o n a l  ana logue  o f  the  c i r c u i t ,  P i g . 3 .8
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T h i s  c o n f i g u r a t i o n  seems t o  h ave  no p a r t i c u l a r  
a d v a n t a g e  o v e r  t h a t  o f  t h e  n e x t  s e c t i o n .
5 . 3 . 2  C i r c u i t  d e r i v e d  f ro m  S e c t i o n  3 . 8
As K - c c , we o b t a i n  P i g . 5 . 7 ,  w i t h  c u r r e n t  t r a n s f e r
r a t i o
Io  -  7x2 ( 5 . 3 . 2 )
T A
h  *12
T h is  i s  t h e  c o n v e n t i o n a l  o n e - o p e r a t i o n a l - a m p l i f i e r  
m e t h o d ^ ’ ( 5 . 3 . 2 )  h a s  t h e  same fo rm  a s  ( 3 . 9 . 4 ) ,  so  
t h e  p r o c e d u r e  i n  S e c t i o n  3 . 9  c a n  be a p p l i e d  h e r e .
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CHAPTER 6
SOME NEW METHODS QE REALIZING TRANSFER FUNCTIONS 
ANY ORDER USING- OPERATIONAL AMPLIFIERS
6 . 1  I n t r o d u c t i o n
I n  r e a l i z i n g  h i g h - o r d e r  t r a n s f e r  f u n c t i o n s ,  s i n g l e ­
a m p l i f i e r  m e th o d s  a r e  u n s a t i s f a c t o r y ,  p a r t l y  b e c a u s e  o f  
d i f f i c u l t y  o f  s y n t h e s i s  and  p a r t l y  b e c a u s e  o f  s e n s i t i v i t y  
t o  t h e  p a r a m e t e r s  o f  t h e  a c t i v e  e l e m e n t .  T h e r e f o r e ,  t h e  
u s u a l  a p p r o a c h  i s  t o  c a s c a d e  s i m i l a r  l o w - o r d e r  s e c t i o n s .  
But  t h i s  i s  n o t  a lw a y s  t h e  b e s t  a p p r o a c h ,  p a r t i c u l a r l y  
when t h e r e  a r e  r i g h t - h a l f - p l a n e  z e r o s ,  b e c a u s e  i t  may 
n e e d  a n  e x c e s s i v e  number o f  p a s s i v e  e l e m e n t s .  I n  t h i s  
c h a p t e r  we s t a r t  w i t h  a  g e n e r a l  c i r c u i t  c o n t a i n i n g  f i r s t -  
o r d e r  ' b l o c k s ’ w i t h  f e e d f o r w a r d  and f e e d b a c k .  Then we 
r e d u c e  t h e  number o f  a c t i v e  e l e m e n t s  by u s i n g  s e c o n d -  
o r d e r  b l o c k s ,  and  t h e  number o f  p a s s i v e  e l e m e n t s  by
o m i t t i n g  t h e  f e e d b a c k .
33M o r r i l l  s u g g e s t e d  a  m ethod  o f  r e a l i z i n g  a n  a l l ­
p a s s  f u n c t i o n  u s i n g  o p e r a t i o n a l  a m p l i f i e r s  and  RC e l e m e n t s  
( F i g . 6 . 1 ) .  The o u t p u t  s i g n a l  f r o m  e a c h  s t a g e  r e a l i z i n g
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F ^ ( s )  i s  f e d  i n t o  t h e  i n p u t s  o f  t h e  f o l l o w i n g  s t a g e s ,  and  
a l s o  t o  a  summer.  The t r a n s f e r  f u n c t i o n  i s
x  n  / r \
—  = >,]{ 1 + F. (S)} (6 .1 .1)
x .  11
- 2 o L .S
w here  F .  (S)  = —w----------------— — ( 6 . 1 . 2 )
S + cl . S + fc> .l  * l
and d  ^ and  j5^ a r e  p o s i t i v e  c o n s t a n t s  c o r r e s p o n d i n g  t o  
a  p a i r  o f  ( g e n e r a l l y )  com plex  p o l e s  o f  F ^ ( S ) .
M o r r i l l  a d o p t e d  a  s i m p l e  1d i f f e r e n t i a l - a n a l y s e r 1 
a p p r o a c h  and  n e e d e d  t h r e e  o p e r a t i o n a l  a m p l i f i e r s  t o  r e a l i z e
( 6 . 1 . 2 ) - i n  e a c h  s t a g e .  L a t e r ,  S tu b b s  and S i n g l e i m p r o v e d  
M o r r i l l ' s  m ethod  by r e d u c i n g  t h e  number o f  o p e r a t i o n a l  
a m p l i f i e r s  t o  o n e ,  u s i n g  a  c i r c u i t  s i m i l a r  to  F i g .  5.5- ~ 
f o r  e a c h  s t a g e .
The m a in  d i s a d v a n t a g e  o f  t h e i r  m ethod  i s  t h e  l a r g e  
number o f  f e e d f o r w a r d  a d m i t t a n c e s .  To r e d u c e  t h e  number 
o f  p a s s i v e  e l e m e n t s ,  t h e  f i r s t  s t e p  i s  c l e a r l y  t o  remove 
some o f  t h e  f e e d f o r w a r d  p a t h s .  Some s u c h  s y s t e m s  a r e  
d e s c r i b e d  i n  t h e  f o l l o w i n g  s e c t i o n s .
I n  s e c t i o n  6 . 2 ,  we d e s c r i b e d  a g e n e r a l  f e e d f o r w a r d
and f e e d b a c k  s y s t e m ^ a . F i r s t ,  we u s e  a  f i r s t - o r d e r  
t r a n s f e r  f u n c t i o n  i n  e a c h  s t a g e ,  and  a n - a l l - p a s s  n e tw o r k
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t u r n s  o u t  t o  be p a r t i c u l a r l y  s i m p l e .  Then we u s e  a  s e c o n d -  
o r d e r  t r a n s f e r  f u n c t i o n  i n  e a c h  s t a g e  t o  r e d u c e  t h e  number 
o f  a c t i v e  e l e m e n t s .
The s y s t e m  i s  t h e n  s i m p l i f i e d  f u r t h e r  t o  h ave  f e e d ­
f o r w a r d  o n l y  ( s e c t i o n  6 . 3 )  t h e  p a s s i v e  e l e m e n t s  a r e  r e d u c e d  
by u s i n g  a s e c o n d - o r d e r  b a n d - p a s s  t r a n s f e r  f u n c t i o n  i n  
e a c h  s e c t i o n ,  and  a l s o  t h e  number o f  f e e d f o r w a r d  a d m i t t a n c e s  
i s  h a l v e d  when t h e  t r a n s f e r  f u n c t i o n  t o  be r e a l i z e d  h a s  
p o l e s  and  z e r o s  on a c i r c l e .  An a l t e r n a t i v e  m ethod  u s i n g  
f e e d f o r w a . r d  s u g g e s t e d  by Ream ( p r i v a t e  c o m m u n ic a t io n )  i s  
d e s c r i b e d  i n  s e c t i o n  6 . 4 .
v  _
C .
-------------------------- --—
f i y i j  t —  ’
IT *
>
L i - !
, . 1 4 F p ( S )  [
1
 M 
1
T
-------- ----------1
p  ( s )n v x -----------?—
P i g . 6 . 1  M o r r i l l ' s  m ethod  w i t h  t h e  o u t p u t  s i g n a l  f rom
e a c h  s t a g e  f e d  i n t o  t h e  i n p u t  o f  e v e r y  s u b s e q u e n t  
and  a summer
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A p a r t  f rom  t h e  g e n e r a l  f e e d f o r w a r d  a n d  f e e d b a c k  s y s t e m  
u s i n g  f i r s t - o r d e r  f u n c t i o n s  i n  e a c h  s t a g e ,  t h e  c i r c u i t s  i n  
t h i s  c h a p t e r  a r e  b e l i e v e d  t o  be o r i g i n a l .
6 . 2 .  G-eneral  f e e d f o r w a r d  and  f e e d b a c k  s y s t e m  ( f i g .  6 . 2 )
L e t  F ( S )  be  t h e  f u n c t i o n  t o  be r e a l i z e d  and Th(s) 
t h e  t r a . n s f e r  f u n c t i o n  o f  t h e  i t h  s t a g e .
The n u m e r a t o r  o f  F (S )  i s  c o n t r o l l e d  by f e e d f o r w a r d  
and  t h e  d e n o m i n a t o r  by f e e d b a c k .  We c o n s i d e r  l o w - p a s s  
3<h(S), ( a )  f i r s t - o r d e r  and  (b )  s e c o n d - o r d e r .  The f e e d ­
f o r w a r d  and f e e d b a c k  c o e f f i c i e n t s  a r e  o b t a i n e d  by e q u a t i n g  
t h e  o v e r a l l  t r a n s f e r  f u n c t i o n  t o  F ( S ) .
I n  F i g . 6 . 2  t h e  t r a n s f e r  f u n c t i o n  i s
Xk
x S- "_r ”' rL y r ( s )
-  = ------- 4 —  ----------------- _  p ( s )  ( 6 . 2 . 1 )
x 1 -  |  A  (S )  l  §• i  r
where  Hr (S )  = Fr + 1 ( S ) l ' r + 2 ( S ) . .  . ^ ( S ) ,  r  = 0 t o  n - 1
Hn (S)  = 1 ( 6 . 2 . 2 )
»
where  t h e k r  and  k r  a r e  r e s p e c t i v e l y  f e e d f o r w a r d  and f e e d b a c k  
c o e f f i c i e n t s .
6 * 2 .1  F i r s t - o r d e r  t r a n s f e r  f u n c t i o n  ( i n t e g r a t i o n )  i n  e a c h  
s t a g e
T h e . s i m p l e s t  m ethod  i s  t o  p u t
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x
n - 1
i h
n - 1
F i g . 6 . 2  G e n e r a l  f e e d f o r w a r d  and feedback
F . ( S )  = 1
t . Sl
F o r  g e n e r a l  ( p o s i t i v e  and  n e g a t i v e )  v a l u e s  o f  k r
i
and  k , two s i g n - r e v e r s i n g  a m p l i f i e r s  may be r e q u i r e d ,  
one c o n n e c t e d  i n  t h e  f e e d f o r w a r d  p a t h  and  t h e  o t h e r  i n  
t h e  f e e d b a c k  p a t h .
( a ) R e a l i z a t i o n  o f  a n  a l l - p a s s  f u n c t i o n  ( F i g . 6 . 3 )
I f  we p u t
t .  = CR. 
i  i ( 6 . 2 . 3 )
* / s ri-r'+.l *
and make a l l  k  = G, k  = ( - 1 )  G, and  k  =0,  
t h e  v o l t a g e  t r a n s f e r  r a t i o  i s  t h e  a l l - p a s s  f u n c t i o n
F i g . 6 . 3  An a l l - p a s s  n e t w o r k  w i t h  a d j u s t a b l e  f o r  
r e a l i z i n g  t h e  c o e f f i c i e n t s  o f  a n  a l l - p a s s  
t r a n s f e r  f u n c t i o n
1 + T. S + T^S + . . .  + T S
( 6 . 2 . 4 )
where  I  = . . . t ^
6 4-T o m l in s o n  h a s  u s e d  t h e  c u r r e n t  a n a l o g u e  o f  F i g . 6 . 3 ,  
w h ic h  r e q u i r e s  one e x t r a  o p e r a t i o n a l  a m p l i f i e r  t o  c o n v e r t  
o u t p u t  c u r r e n t  h a c k  to  v o l t a g e .
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(b )  R e a l i z a t i o n  o f  a  l o w - p a s s  f u n c t i o n
To r e a l i z e  a  l o w - p a s s  t r a n s f e r  f u n c t i o n ,  a l l  f e e d ­
f o r w a r d  c o e f f i c i e n t s  a r e  made z e r o  e x c e p t  k ^ .
6 . 2 . 2  S e c o n d - o r d e r  t r a n s f e r  f u n c t i o n  i n  e a c h  s t a g e
One way o f  r e d u c i n g  t h e  number o f  a m p l i f i e r s  i s  t o  
i n c r e a s e  t h e  o r d e r  o f  F . ( s ) ,  e . g .
f i .
]?. ( S ) = - - *  i ----------- —  ( 6 . 2 . 5 )
1 S ^ + c C . S + f i . -1 t 1
where  and  a r e  a r b i t r a r y  p o s i t i v e  c o n s t a n t s ,  and
make
a r  = Gr  + Cr S , = s j  + c j s  , r  = 0 t o  n  -  1
(6 . 2 . 6 )
I f  t h e  p o l e s  o f  F_^(s) a r e  r e a l ,  ( 6 . 2 . 5 )  c a n  be
r e a l i z e d  by a  p a s s i v e  t h r e e - t e r m i n a l  RC n e t w o r k ;  i f  c o m p lex ,
F i g . 5*5 may be u s e d .
I f  F ( s )  h a s  2n p o l e s  and  2n z e r o s ,  t h e  v a l u e s  o f
t h e  G-f s and  C ’ s a r e  o b t a i n e d  a s  f o l l o w s .  L e t
F ( S )  = ( 6 . 2 . 7 )
B(S)
and w r i t e
£  p
P o U S )  s  V (S + ot-.S + A . )  r  = 1 t o  n
P0(S) = 1
( 6 . 2 . 8 )
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From ( 6 . 2 . 2 ) ,  ( 6 . 2 . 5 )  and  ( 6 . 2 . 8 ) ,  we have
H (S)  = -B-~— ( — , r  = 0 t o  n  -  1 ( 6 . 2 . 9 )
P 2 n (S)
where Br = (- f>r + 1 ) ( -  /5r+2)---(- /3n)
S u b s t i t u t i n g  ( 6 . 2 . 9 )  and  ( 6 . 2 . 6 )  i n t o  ( 6 . 2 . 1 ) ,  we have
x nf  1 ( + J r ) p2r(s) + knp2n(s)
0 _ 0
x .  , n - 'L ■ , ,
1 (1 “ V  p2n(S) “ ^  ( r r S + ^ 0  p2r(S)
( 6 . 2 . 1 0 )
where " ig = BrCr , cfr = BrGr , = B ^ ,  and d£. = BrG^
( 6 . 2 . 1 1 )
S i n c e  n u m e r a t o r  and  d e n o m i n a t o r  o f  ( 6 . 2 . 1 0 )  a r e  o f  
d e g r e e  2n ,  we s e t
kn = V  kn = Gn (6.2.12)
E q u a t i n g  t h e  n u m e r a t o r s  o f  ( 6 . 2 . 7 )  and  ( 6 . 2 . 1 0 )  g i v e s  
B (3 )  = £  ( f r S + / r ) p 2 r (S)  + kn  p 2 n (S )
( 6 . 2 . 1 3 )
and by e q u a t i n g  c o e f f i c i e n t s  o f  pow ers  o f  S, we o b t a i n  
a s e t  o f  n  + 1 l i n e a r  e q u a t i o n s .  T h i s  r e s u l t s  i n  a  
t r i a n g u l a r  m a t r i x  and  t h e  v a l u e s  o f  Y and  6^ c a n  be
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o b t a i n e d  s u c c e s s i v e l y  ( s e e  Example 6 . 1 ) .  A s i m i l a r
t t
p r o c e d u r e  i s  a p p l i e d  t o  f i n d  and  , / r .
The a d v a n t a g e  o f  t h i s  m ethod  o v e r  t h e  l a t e r  ones  
i s  t h a t  t h e r e  i s  no n e e d  t o  f a c t o r i z e  h i g h - o r d e r  p o l y n o m i a l s . 
However ,  i t  r e q u i r e s  more e l e m e n t s .
To r e a l i z e  t h e  f o u r t h - o r d e r  a l l - p a s s  Pade  d e l a y
F ( S ) = S4 -  20S3 + 180S2 -  840S + 1680
S4 + 20S5 + 180S2 + 840S + 1680
We c h o o se  = 2
i \  = / h  = 1
t h e r e f o r e  p 2 (S)  = S2 + 2S + 1
p . ( S )  = S4 + 4S3 + 6S2 + 4S + 1
U s in g  ( 6 . 2 . 1 3 ) ,  we h a v e
S4 -  20S3 + 180S2 -  840S + 1680 =
' f  0 S + S Q + ( f - jS  + / 1 ) ( S 2 + 2S + l )  +
k 2 ( S 4 + 4S3 + 6S2 + 4S + 1)
- i . e .  kg = 1
4k2 + A  = - 2 °
6 k 2 + 2 - f  p +  =  1 3 0
4k2 + A  + 2 A  + A) = -84°
k 2 + <g + = p ^80
- 153 -
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TTT
GQ = 1457v C0 = 1264F H1 = 0 .7071  A.
G-. = 222v Cx = 24P R2 = 1 .414 il
G2 - .X t c 2 = IP
Gq = 1537ir C3 = 1.414F
G' = 1 4 2  it 
G = l v
= 1144P 
=* 16P
" • 1 ■ ■
' F i  g . 6 .4  Network r e a l i z i n g  th e  f o u r t h - o r d e r  Pade d e la y
• (Example 6 , 1 ) ,  by th e  method o f  S e c t i o n  6 . 2 . 2
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T hese  g i v e
i!CM i g2 = 1
II
vH - 2 4 e g  = 222 n"1 = 24 G-1 = -2 2 2
II
(. 
° 
r
-1 2 6 4 4  = 1457 O
o
= -1 2 6 4 G-q = 1457
S i m i l a r l y , t h e  f e e d b a c k  c o e f f i c i e n t s a r e
0 ro 
- ll o
h  = >16 p  = - 1 4 2
— 
I—1
o = 16 G1 = 142
<
A ii 1144 P  = -1 5 3 7 c o = 1144 a'0 = -1 5 3 7
. N e g a t i v e  c o e f f i c i e n t s  o f  C and G- mean t h a t  a  . s i g n -  
r e v e r s i n g  a m p l i f i e r  i s  r e q u i r e d .  The c i r c u i t  r e a l i z i n g  
t h i s  t r a n s f e r  f u n c t i o n  a s  “ V0/Vj_ i s  shown i n  F i g . 6 . 4 .
T h i s  F (S )  d oes  n o t  show t h i s  m ethod  t o  a d v a n t a g e ,  b e c a u s e  
F i g . 6 . 3  r e q u i r e s  o n l y  one more o p e r a t i o n a l  a m p l i f i e r  and 
h a s  f e w e r  p a s s i v e  e l e m e n t s .  However ,  t h e  exam ple  h a s  
shown t h e  g e n e r a l  i d e a  and t h e  m ethod  w i l l  be more 
a d v a n t a g e o u s  w i t h  a  h i g h - o r d e r  t r a n s f e r  f u n c t i o n .
6 . 3  S y s tem s  w i t h  f e e d f o r w a r d  o n l y
, 6 . 3 . 1  W i th  s e c o n d - o r d e r  l o w - p a s s  t r a n s f e r  f u n c t i o n  i n  
e a c h  s t a g e  ( F i g . 6 . 5 )
S i n c e  t h e  and i n  ( 6 . 2 . 5 )  a r e  a r b i t r a r y ,  we
Q
c an  c h o o se  them so t h a t  S + o t .S  + i s  a  f a c t o r  o fi * i
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t h e  d e n o m i n a t o r  o f  t h e  s p e c i f i e d  t r a n s f e r  f u n c t i o n ,  i . e .  
P£n (S)  = D ( S ) ,  so  t h e  f e e d b a c k  p a t h s  a r e  n o t  r e q u i r e d .  
Then ( 6 . 2 . 1 )  becomes
—  = I  v y s )  = f ( s )
x i 0
( 6 . 3 . 1 )
I k ( S )  c a n  be r e a l i z e d  by F i g .  5 . 5 .  In. t h i s  c a s e
( 6 . 2 . 1 0 )  -  ( 6 . 2 . 1 2 )  a r e  u s e d ,  w i t h  a l l  d a s h e d  c o e f f i c i e n t s  
z e r o .
To r e a l i z e  t h e  s i x t h - o r d e r  a l l - p a s s  Fade  d e l a y
w g x  = S ^ - 4 2 S 5+840S4- 1 0 0 8 0 S 3+75600S2-332640S+665280  
S6+42S5+840S4+10080S3+75600S2+332640S+665280
o-
X .1 k 0
I ) - K ( s ) k y s ) — —
"n - l
;F (S)  ; n  y
kn
'xo
F i g . 6 . 5  Sy s tem  w i t h  fee<
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The denominator factorized as
D(S) = (S2 + 16.99S + 75.20)(S2 + 14.94S + 83.41)
(S2 + 10.06S + 106.05)
We c h o o se?  /3^ = 1 0 6 . 0 5 ,  = 8 3 . 4 1 ,  ^  = 7 5 . 2 0
Then Pg(S) = S6+42S5+840S4+10080S3+75600S2+332640S+665280 
p.(S) = S4+ 31.9S3+411.8S2+ 2555S+6270
p2(S) = S2+ 1 6 .99S+75•20
S u b s t i t u t i n g  P2 r (S )  ( 6 . 2 . 1 0 )  and  e q u a t i n g  t h e  n u m e r a t o r
c o e f f i c i e n t s ,  we h av e  
= 15
4 2 k ,  + f 2 = -4 2  
8 4 0 k ,  + 3 1 .9  -C2 + <f2 = 840 
1 0 0 8 0 k ,  + 4 1 1 .8 1 "  2 + 3 1 .9  cf2 + 'T1 = -1 0 0 8 0
7 5 6 0 0 k ,  + 2555 f 2 + 4 1 1 . 8  cTg + 1 6 . 9 9  f - L + S 1 = 75600
3 32 6 4 0 k ,  + 6270 f  2 + 2555 <f 2 + 7 5 . 2 0  i~1 + 1 6 . 9 9  ‘h + ’i 'o  = “ 332640
6 65 2 8 0 k ,  + 6270 ar 2 + 7 5 .2 0  S ±+ f Q = 665280
These  g i v e
k 5 = 1 = 1
f  = -84 <f2 =  2,680 02 = °»7920 G2 = -25.27
■f = -70,981 / ,  = 317,700 G± .= -8.023 = 33.91
l" = 7,049,000 <fQ = -40,690,000 CQ = 10.60 GQ = 61.17
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The c i r c u i t  r e a l i z i n g  t h i s  t r a n s f e r  f u n c t i o n  i s  
shown i n  P i g . 6 . 6 .
6 . 3 . 2  W ith  s e c o n d - o r d e r  b a n d - p a s s  t r a n s f e r  f u n c t i o n  i n
To r e d u c e  t h e  number o f  t h e  p a s s i v e  e l e m e n t s  f u r t h e r ,  
we c a n  u s e  a  s i m p l e r  c i r c u i t  t o  r e a l i z e  F ^ ( S ) .  P i g . 5 .3  
has. one e l e m e n t  f e w e r  t h a n  P i g . 5 .5  and g i v e s
P i ( S ) = - 2-------- — —  ( 6 . 3 . 2 )
1 s  + ct s  +  (5±
where  t h e  p o l e s  o f  P ^ ( S )  c a n  be co m plex .
hue  t o  t h e  S t e r m  i n  t h e  n u m e r a t o r ,  t h e  s e t  o f  n  + 1 
l i n e a r  e q u a t i o n s  w i l l  be i n  a s l i g h t l y  d i f f e r e n t  fo r m ,  
b u t  t h e  p r o c e d u r e  o f  o b t a i n i n g  t h e  f e e d f o r w a r d  c o e f f i c i e n t s  
i s  b a s i c a l l y  t h e  same.
U s in g  ( 6 . 2 . 8 )  and  ( 6 . 3 . 2 ) ,  we h ave
H ( s )  E Sn " r  ( 6 . 3 . 3 )
P 2 n (S)
where Ep = (-&r + 1 ) ( - t r + 2 )
( 6 . 2 . 1 0 )  becomes
-  Trrll1 < frs ♦ /r)s“'r p»<s) * V2„<2>1
* i  P2»(S) 0
( 6 . 3 . 4 )
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F i g . 6 .6  ■ Network r e a l i z i n g  t h e . s i x t h - o r d e r  Fade d e la y  
(Example 6 , 2 ) ,  by th e  method o f  S e c t i o n  6 .5*1
where f s  + cf„ = E ^ ( C S  + G„ ) , r  = 1 t o  n - 1 ,  = Gn n
( 6 . 3 . 5 )
Example  6 . 3
To r e a l i z e  t h e  s i x t h - o r d e r  a l l - p a s s  Pade  d e l a y  a s  
b e f o r e .  The e q u a t i o n s  a r e  now 
k j  + f 2 = i  
4 2 k ,  + 31*9 7^ 2 <^ 2 "^ *1 = —
8 4 0 k ,  + 4 1 1 .8  f 2 + 3 1 . 9  £   ^ -1 ^  • 9 9 ^  2_  ^ ^  0 = ^40
1 0 0 8 0 k ,  + 2555 i~2 + 4 1 1 . 8  cf2 + 7 5 . 2 0  Y'1 + 1 6 . 9 9 ^  + / Q = -1 0 0 8 0
7 56 0 0k 3 + 6270 i"2 + 2555 <f2 7 5 . 2 0 ^  = 75600
3 3 2 6 4 0 k y  6270 &2 = - 3 3 2 6 4 0
6 6 5 2 8 0 k ,  = 665280 
T hese g iv e
k 3 = 1
f 2 = 0  f 2 = - 1 0 6 . 1
q  = 2 2 .0 5  1  = 3584
f Q = - 5 7 1 . 5  = - 3 8 9 7 0
i-  160 -
I , "
Vif©C0=
rrr
G o  =
H  -
G2 =
G3 = 
G =
1 8 .7 2 u  
15 -23  tt. 
5 .031 xr 
lir 
lir
!iOo 0 .2744?
C1 = 
c 2  =
0.09373?
. . aa.3 2- 
0 .1130?
c 5  = 0.08957?
C4 = 0 .04745?
C5 0 .1177?
G6 = 0 .1338?
c r  = 0.1987?
P i g . 6 .7  Network r e a l i z i n g  th e  s i x t h - o r d e r  Pade d e la y  
(Example 6 . 3 K  “by th e  method o f  S e c t i o n  6 . 5 . 2
G
V o
7TT
RQ = 5.0*12M!L c o = 0 . 01121 /iP
Rx =.5/639Mii C1 = 0.07769^3?p = .lMii 
2 C2 = 0.006600/iP
R °3 = 1 . 381^P
= l . g o y p -  '
Network r e a l i z i n g  th e  f o u r t h - o r d e r  phase  ■ 
a p p ro x im a t io n  f u n c t i o n ,  - w i th  A. =  0 .125  and 
0 » l s  d e l a y ,  by th e  method o f  S e c t i o n  6«5«2
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P i g . 6 ,9  Frequency  r e s p o n s e  c u rv e s  o f  F i g . 6 .8  
I n p u t :  5v r . m . s .
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F i g . 6 .10 Step response of F i g . 6 . 8
Input s tep :  20v
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I n  t h i s  c a s e  a l l  f e e d f o r w a r d  c o e f f i c i e n t s  t u r n  o u t  
t o  h a v e  p o s i t i v e  s i g n s ,  so  no e x t r a  s i g n - r e v e r s i n g  a m p l i f i e r  
i s  r e q u i r e d  i n  t h e  f e e d f o r w a r d  p a t h s  ( F i g . 6 . 7 ) .  The
t
r e s u l t s  f o r  a l l - p a s s  Fade  d e l a y s  o f  e v en  o r d e r s  up t o  20 
a r e  g i v e n  i n  T a b l e  6 . 1 .  The z e r o s  o f  t h e  t r a n s f e r  f u n c t i o n s  
m us t  be t a k e n  i n  t h e  g i v e n  o r d e r ,  o t h e r w i s e  s i g n - r e v e r s i n g  
a m p l i f i e r s  a r e  r e q u i r e d .
T a b le  6 . 2  shows t h e  r e s u l t s  when t h e  m ethod  i s  a p p l i e d  
t o  a  c l a s s  o f  a l l - p a s s  t r a n s f e r  f u n c t i o n s  whose p o l e s  and  
z e r o s  a r e  v e r y  n e a r  t o  t h e  jfcVaxis = 0 . 1 2 5 ,  S e c t i o n  1 . 2 . 2 ) ,  
H e r e ,  s i g n - r e v e r s i n g  a m p l i f i e r s  a r e  n e e d e d  f o r  n ^ 3 ?  i n  
w h e r e v e r  o r d e r  t h e  z e r o s  a r e  t a k e n .
A c i r c u i t  r e a l i z i n g  s u c h  a  f u n c t i o n  w i t h  n  = 2 and 
0 , 1 s  d e l a y  ( F i g , 6 . 8 )  was b u i l t  w i t h  3i° t o l e r a n c e  e l e m e n t s „
The f r e q u e n c y  r e s p o n s e  c u r v e s  a r e  shown i n  F i g , 6 . 9  and  t h e  
s t e p  r e s p o n s e  i n  F i g . 6 . 1 0 .  The g a i n  r e s p o n s e  shows maximum 
d e v i a t i o n s  n e a r l y  a t  t h e  maxima o f  t h e  g r o u p  d e l a y  (com pare  
F i g . 3 . 9 ) .
6 , 3 . 3  S i m p l i f i c a t i o n  o f  t h e  m ethod  o f  S e c t i o n  6 . 3 . 2
when F ( S )  h a s  2n p o l e s  and  2n z e r o s  on a  c i r c l e
The r a d i u s  o f '  t h e  c i r c l e  c a n  be n o r m a l i s e d  t o  u n i t y .
I n  t h i s  c a s e  F ( S )  i s  r e c i p r o c a l ,  i . e .
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F(S) = F ( | ) (6 . 3 *6 )
Also D(S) = S2n D ( i ) ,  N(S) = S2n N ( | )  ( 6 . 3 . 7 )
Each q u a d r a t i c  f a c t o r  of  E(S) i s  a f a c t o r  o f  E ( h ,  henoe
2n
P2 r (S) = S2 r p2 r ( | ) ,  r  = 1 to  n ( 6 . 3 . 8 ). 8 )
I f  F ( S )  i s  g i v e n  "by x Q/ x ^  i n  ( 6 . 3 - 4 )  t h e n  r e p l a c i n g
Prom ( 6 . 3 . 4 ) ,  ( 6 . 3 . 6 )  an d  ( 6 . 3 * 9 )  we h a v e  i m m e d i a t e l y
T h e re fo re  f o r  r e a l i z i n g  such a P(S) th e  method 
of S e c t i o n  6 . 3 . 2  r e s u l t s  i n  f eed fo rw ard  a d m it tan ce s  
c o n s i s t i n g  o f  conductance  only..
Notes P ( S ) need no t  he a l l - p a s s ,  though i n  p r a c t i c e  
i t  i s  u n l i k e l y  to  he chosen o th e rw is e .
Example 6 . 4
To r e a l i z e  a s i x t h - o r d e r  a l l - p a s s  f u n c t i o n  hav ing  
p o le s  and ze ros  a l l  on th e  u n i t  c i r c l e :
S hy |jr and u s in g  ( 6 . 3 . 8 )  g iv e s
( 6 . 3 . 9 )
Y'r  = 0 ,  a l l  r ( 6 . 3 . 1 0 )
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P i g . 6 .11  - Network r e a l i z i n g  (6 .3>11)  (Example '6 . 4 )
Q 
■*
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F(S) = (S2 -  0.5S + l ) ( S 2 -  S + 1 )(S 2 -  1.5S + l )
(S2 + 0.5S + 1 )(S2 + S + 1)(S2 + 1.5S + 1)
(6 .3 .11)
Since there i s  no feedback, we have
d x  = 0 .5 ,  £*2 = 1 ,  d 3 = 1.5; = 1
P6(S) = S6 + 3S5 + 5.75S4 + 6.75S3 + 5 . 75s 2 + 3S + 1
P4(S) = s 4 + 1 . 5s 3 + 2 . 5s 2 + 1 . 5s + 1
P2(s)  = s 2 + 0 . 5s + 1
Substituting P2r(s ) into (6 .3 .4 )  and equating the 
numerators and using (6 .3 .1 0 ) ,  we obtain 
k3 = 1 
3k^ +' cf 2  = —5 
5 . 7 5 k 3 + 1 . 5  d 2 + (fq = 5 .7 5  
6 . 7 5 k 3 + 2 . 5  <f2 + 0 . 5  <f± + <f0 = - 6 . 7 5  
These give
and  so
= 1 ,  0 2 = 6 ,  G1 = 9 ,  0 Q = 2 . 5  
The c o m p l e t e  c i r c u i t  i s  shown i n  P i g . 6 . 1 1 .
6 . 4  A l t e r n a t i v e  m ethod  u s i n g  f e e d f o r w a r d
We now i n t r o d u c e  a s l i g h t l y  d i f f e r e n t  t y p e  o f  c i r c u i t  
w h ic h  c o n t a i n s  o n l y  c o n d u c t a n c e s  i n  t h e  f e e d f o r w a r d  p a t h s  
b u t  u s e s  a  more c o m p l i c a t e d  Fj ;(S)  g i v e n  by ( 6 . 4 . 2 ) .  T h i s
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m eth o d  i n v o l v e s  f i n d i n g  a  r e a l  r o o t  o f  a  p o s s i b l y  h i g h -  
o r d e r  p o l y n o m i a l  i n  e a c h  c y c l e .
The m ethod  was s u g g e s t e d  by R e a m ( p r i v a t e  c o m m u n ic a t io n )  
and  u s e d  t h e  c o n f i g u r a t i o n  o f  P i g . 6 . 5 ,  b u t  ( 6 . 3 * 1 )  i s  
w r i t t e n  a s
F(S) = kn + V S) ( kn-l + K - 2 + •••
+ l ’2 ( S ) ( k 1 + k ^ S ) ) ]  } ( 6 . 4 . 1 )
We t a k e
- S,(s + Y ] .)
T . ( S )  =--------- ----------- i   ( 6 . 4 . 2 )1 S + oL .S + ( i .
w here  th d  d e n o m i n a t o r  i s  a  f a c t o r  o f  D ( S ) .  The d e c o m p o s i t i o n
o f  P ( S )  i n  t h e  fo rm  o f  ( 6 . 4 . 1 )  i s  shown i n  Example  6 . 5 .  I n
e a c h  c y c l e ,  a  r o o t  -  o f  a n  o d d - d e g r e e  p o l y n o m i a l  h a s
t o  be f o u n d .  I f  t  . > 0 and  V . > 0 ,  P . ( S )  c a n  be r e a l i z e d1 2. 1
by s e v e r a l  c o n f i g u r a t i o n s  s u g g e s t e d  i n  C h a p t e r  5> s u c h  
a s  P i g s .  5 .1*  5 . 6  and 5 . 7 .  The r e q u i r e m e n t  o f  p o s i t i v e  
^ and  ^ ^  l i m i t s  t h e  a p p l i c a t i o n  o f  t h i s  m e th o d ,  t h o u g h  
a l l - p a s s  Pade  d e l a y s  up t o  o r d e r  t w e n ty  c a n  be r e a l i z e d  
( T a b l e  6 . 3 ) .
P ( S )  h a s  p o l e s  and  z e r o s  on a c i r c l e
We h a v e  shown t h a t  when P ( S )  h a s  p o l e s  and  z e r o s
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on a c i r c l e ,  t h e  c i r c u i t  o f  S e c t i o n  6 . 3 . 2  h a s  o n l y  c o n d u c ­
t a n c e s  i n  t h e  f e e d f o r w a r d  p a t h s ,  a s  i n  P i g . 6 . 1 1 ,  so i t  
i s  t h e  same t y p e  a s  t h e  c i r c u i t  j u s t  d i s c u s s e d .  Hence 
t h e  two t y p e s  o f  F ^ ( S )  m ust  he o f  t h e  same fo rm  i . e .
^ ^  = 0 .  S tu b b s  and  S i n g l e ’ s n e tw o r k  w i l l  a l s o  r e d u c e  
t o  t h e  same t y p e  o f  c i r c u i t .
T h i s  c o n f i r m s  a  r e s u l t  d e r i v e d  o t h e r w i s e  by Ream 
( p r i v a t e  c o m m u n ic a t io n )  who h a s  a l s o  shown t h a t  t h e  
^  a r e  p o s i t i v e  i f  s u c h  a n  F ( S )  h a s  a l l  i t s  z e r o s  i n  t h e  
r i g h t  h a l f  p l a n e .
Example  6 .5
»
To r e a l i z e  t h e  s i x t h - o r d e r  a l l - p a s s  Pade  d e l a y  a sj
b e f o r e  (Example  6 .2 ) . -  We c h o o s e  t o  a s  t h e y  a p p e a r
i n  T a b l e  6 . 1 ,  i . e .  = 1 0 .0 6 3 7  e t c .
t h e r e f o r e
P 6 ( S )  = S6+42S5+840S4+10080S3+75600S2+332640S+665280
p . ( S )  = S4+ 25S3+ 3 3 9 .8 5 S 2+ 2424S+8846 .3
P2 (S)  = S2+ 1 0 ,0 6 4 S + 1 0 6 .0 6
F i r s t  c y c l e :
Take k~ = 1 3
P g ( S ) -  P g ( - S )  = - 2 ( 4 2 S 5 + 10080S3 + 332640S)
= - 8 4 S ( S 4 + 240S2 + 7920)
= -84S  cl^ ( S )  s a y
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. \  = 84 .  = j0
S econd  c y c l e ;
Take k 2 = 1
P4 (s) - q 4 (S )  = - ( 2 5 S 3 + 9 9 .8 5 S 2 + 2424S + 9 2 6 . 3 )
= - 2 5 ( S 3 + 3 .9 9 3 S 2 + 9 6 .9 4  + 3 7 . 0 4 )
= - 2 5 ( S  + £)>.3877)(S2 + 3 .6 0 5 S 2 + 9 5 .5 4 )  
= - 2 5 ( S  + 0 .3 8 7 7 )q .2 (S)  s a y
.*. Y'g = 2 5 ,  <f2 = 0 .3 8 7 7
T h i r d  c y c l e ;
Take k-  ^ = 1
P2 ( S)  -  q 2 (S)  = - 6 . 4 5 9 ( S  + 1 .6 2 8 )
Take k<y = ^1 = 6 4 .5 9  and = 1 .6 2 8
(kQ i s  c h o s e n  t o  be 0 . 1  i n  o r d e r  t h a t  F ^ ( S )  c a n  h av e  a
l a r g e r  c o n s t a n t  m u l t i p l i e r  and  be r e a l i z e d  by a s i m p l e
n e t w o r k . )
F-^(S) ,  F 2 (S)  and  F ^ ( S )  a r e  r e a l i z e d  by F i g . 5 . 1 .
The c o m p l e t e  c i r c u i t  i s  shown i n  F i g . 6 . 1 2 .  The r e s u l t s  
f o r  a l l - p a s s  Fade  d e l a y s  o f  o r d e r  4 ( 2 ) 2 0  a r e  g i v e n  i n  
T a b le  6 .5 °  Z e ro s  a r e  c h o s e n  i n  s u c h  o r d e r  t h a t  no s i g n -  
r e v e r s i n g  a m p l i f i e r s  a r e  r e q u i r e d .  When t h e  p o l e s  and  
z e r o s  a r e  n e a r  t h e  j u ? - a x i s ,  e . g .  f o r  t h e  f u n c t i o n  o f
Gq = O .I tt
ffl  = G2 
G .= ltr
G3 =  ITT C2 =
C3 ’
0.01053F 
0.04480F 
0 . 01670P 
0 .1F
11 6 . 069ft
r 2 = 2,998f t
R3 = 1 1 .1 7 f t
*4 = 1.47411
k 5 = 0.8910ft
4 -  = 0 . 7118ft
R« = 6.117ft
*8 = 2 5 .79 f t
»
P i g . 6 .12  ' Network r e a l i z i n g  th e  s i x t h - o r d e r  Pade d e la y  
(Example 6 . 5 ) .  ■'by th e  method o f  S e c t i o n  6 .4
Eo — R, « R2 -
R3 = 1.831Mil
R4 = 10.94KA
R5 ; = 4.024MH
R6 : = 0.9371MXL
e 7 = 2 1 .3 OKU
R ■ = IMA
0.02953/1?
0.02668/iP
0 .1 /F
i g . 6 . 1 3  Network r e a l i z i n g  th e  f o u r t h - o r d e r  one-second  
»
Pacie d e la y  hv th e  method o f  S e c t i o n  6 ,4
ph
as
e 
(d
eg
re
es
)
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pq
0)nd3
-P
•HrH
PUa
03
-
o o °j
" ! 1 1 j,.. „i ... i i . ....j
4 . 6 8  10  12 
f r e q u e n c y  ( r a d / s )
14 16
-1 0 0
-2 0 0/
300
400
500
600
16126 141082 40
f re q u e n c y  ( r a d / s )
- P i g . 6•14 F requency  r e s p o n s e  cu rv es  o f  P i g . 6 .15 
I n p u t :  5v r . m . s .
(a) Experimental
3210
time ( s )
(b)  T h e o r e t i c a l
.6 ,1 5  S tep  r e s p o n s e  o f  . 'F ig .  6 .13  
In p u t  s t e p :  20v
175
12 14
10 11
R o
. =  1 5 M i i nCO 1 2 . 6 9 M A C i =  0 . 0 0 2 3 8 1 ; u F
E 1
=  I M A
R 9  "
0 . 5 9 1 0 M A
° 2
=  0 . 0 0 5 1 5 7 > u F
r 2 =  2 . 0 7 1 M A
R 1 0
=  0 . 4 2 2 4 M A  . C  «j • =  0 . 0 4 5 9 7 / a F  '
R ,
3
=  0 . 6 0 9 9 M A
R 1 1
=  0 . 3 7 3 1 M A
• C 4
=  0 . 0 2 8 7 6 / F
R 4
=  1 . 6 7 8 M A  ■
R 1 2 =  1 . 6 4 5 M R 0
=  0 . 0 1 2 1 8 / t F
R 5
4 . 0 6 8 M R
■ R 1 3
=  4 . 2 3 5 M A C6
li o 8
R 6  =  1 1 . 3 0 M J 1  R 1 4  =  1 0 . 1 0 M X I
R7 = 6.548MH ' Ri5  = 30.23MH
»
F i g . 6 ..16 Network r e a l i z i n g  th e  t e n t h - o r d e r  one -second  Fade 
  d e la y  by the  method o f  S e c t i o n  6 .4
ph
as
e 
(d
eg
re
es
)
10  r-
pqrd
<D
-P•HrH
ftaaJ
5
o-
-5
-10
0
O o
o o
c o
wwwaMOMflweitnw
 - J  .. . ; i ,
10 15 20
f re q u e n c y  ( r a d / s )
O
O
25 30
- 2 0 0
-4 0 0  -
600
800
-1 0 0 0
-1 2 0 0
-1 4 0 0
-1600
20 25 300 15105
f re q u e n c y  ( r a d / s )
F ig * 6 .1 7  F requency  r e s p o n se  cu rv e s  o f  F i g . 6 .16  
I n c u t :  5v r . m . s . '
■i/-
•a
m
pl
itu
de
 
(v
)
time (s)
(a ) . Experimental
20
10
0
10
21.510 , 50.
time (s) •
(b) Theoretical
' F ig .6*18 • Sten response of F ig .6.16 
Input step: 20v
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T a b le  6 . 2 ,  n e g a t i v e  V ^ a p p e a r .  T h e r e f o r e  no d a t a  f o r  
t h i s  f u n c t i o n  a r e  g i v e n
C i r c u i t s  r e a l i z i n g  t h e  f o u r t h - o r d e r  and  t e n t h - o r d e r  
a l l - p a s s  Pade  d e l a y s  w i t h  I s  d e l a y  were  b u i l t  w i t h  3f° t o l e r a n c e  
e l e m e n t s  ( 6 . 1 3  and 6 . 1 6 ) .  The f r e q u e n c y  r e s p o n s e  c u r v e s  
a r e  shown i n  P i g s . 6 . 1 4  and 6 . 1 7  r e s p e c t i v e l y ,  and  t h e  
s t e p  r e s p o n s e  i n  P i g s .  6 .1 5  and 6 . 1 8 .
6 .5  C o n c l u s i o n s
A l t h o u g h  t h e  m ethod  o f  S e c t i o n  6 . 2 . 2  h a s  t h e  a d v a n t a g e  
o f  a v o i d i n g  f a c t o r i z a t i o n ,  i t  r e s u l t s  i n  t o o  many e l e m e n t s  
and  a l s o  a  w ide  s p r e a d  o f  v a l u e s .  The l a t t e r  d i s a d v a n t a g e  
a l s o  a p p l i e s  t o  t h e  m ethod  o f  S e c t i o n  6.3*1. .  The m ethod  
u s i n g  & b a n d - p a s s  P ^ ( S ) ,  S e c t i o n  6 . 3 . 2 ,  seems t o  be t h e  
b e s t  m ethod  w i t h  r e g a r d  t o  number o f  e l e m e n t s  and  o f  
v a l u e s ,  m a t h e m a t i c a l  p r o c e d u r e ,  a n d  a l s o  t h e r e  i s  no 
l i m i t a t i o n  on r e a l i z a b i l i t y .  The m ethod  o f  S e c t i o n  6 . 4  
i n v o l v e s  r o o t - f i n d i n g  and i s  u n r e a l i z a b l e  when a  p o s i t i v e  
r o o t  i s  e n c o u n t e r e d .
O p e r a t i o n a l  a m p l i f i e r s  a r e  u s e d  h e r e  m e r e l y  f o r  
c o n v e n i e n c e  o f  i l l u s t r a t i o n ;  e a c h  m ethod  c a n  a l s o  be 
r e a l i z e d  u s i n g  o t h e r  k i n d s  o f  a m p l i f i e r s ,  e . g .  F ^ ( S )  c a n  
be r e a l i z e d  by S e c t i o n s  3 .3> 3*5 > 3 . 7  and  3 . 8 ,  w h ic h  c a n  
be c a s c a d e d  d i r e c t l y .
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Table 6.1 and 6.2 Parameters f o r  a l l - p a s s  delays using the method
of Sec t ion  6.3*2
The 2n th-order  a l l - p a s s  t r a n s f e r  func t ion  i s
•  . n ( s 2 - d r s + / 6 r )  . '
F ( S )  =  I ------------
n (S 2+ ct S+ /3 )
The t r a n s f e r  fu n c t io n  of the r t h  s ta se  i s
=  „2
r 1 to n
S V  d  S+ /5 r I r
where <fr  = 2 and the r t h  p a i r  of feedforward c o e f f i c i e n t s
a r e  g iv e n  by f"r S+ <$r  w i t h  i~^n= 0 ,  J 5  = 1.
E n t r i e s ‘are  in  f l o a t i n g  p o in t ,
>b .i . e . a b .= a . 10
Table 6 , 1  Pade delays of order  4(2)20
n d n - r + l
o * i i 58 48 
o . 841516
, 0 ,169.934,
. O • X 4j. 0} 2j» *-* ^
0 . 1 0 0 6 3 7
.0.2 o'8 19 4 
■0.174732 
o . H  3 55^
4 n - r+ l r.
0 •- 0 
4 5 9  I)
G 5 
12
0 .7 5 - 0 4 5
o  «0 3 4 x X 3
Q,I279G9 
o . 1 3 5 7 3 y 
.0 . 1 5 4 2 7 7  
:0 .19 3720-
r - 1
o . 0 0 0  000  
O..59 5120;
C*22oj 0 x
' o  o 5 7 1 4 0 3
0 « 49 720 o, 
■ ° • 3 59 o 2 C 
o . a- 299 4 5
’■* .
4 r - l
r rj — : . ~ O • 4 5 9 5 1 3 ■ 2
:'X :'-V : 0 • 5 3 3 3 3 7 . 3
51 : . - 0 . 1 0 6 0 5 6 4
- C . 358371 ' 4
3 ■. - 0 . 3 8 9 6 5 3 5
5i — 0 . 1 9 3 7 2 8  ; 3
■ 2 v' . 0 . 1 5 ^ 9 x 9 5
’■' /r . —0 * 5 6 22 50 4 6
5 0- * 5 9 8 3 0 5 4 7
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Table 6*3 Parameters fo r  a l l - p a s s  Pade delays of order  4(2)20 
using the method of Sect ion  6.4
The 2n th-order  a l l - p a s s  t r a n s f e r  func t ion  i s
T1(S2-  d xS+ (it )
,  — -
n(S + oO S+ . )
The t r a n s f e r  fu n c t io n  of the i t h  s tage i s
? (S) = , 1 = 1 t o n
1 S^+ d ±S+ /5±
and a l l  the feedforward c o e f f i c i e n t s  are taken to be u n i ty .
E n t r i e s  are  in  f l o a t i n g  p o in t ,
*b .i . e . a b .= a. 10
n
4
i cL j 7  •1 1 1 V 1 1 1
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CHAPTER 7
SYNTHESIS USIHC TWO OPERATIONAL AMPLIFIERS
7 . 1  I n t r o d u c t i o n
The m a in  d i s a d v a n t a g e  o f  t h e  m e th o ds  u s i n g  one
o p e r a t i o n a l  a m p l i f i e r  ( C h a p t e r  5) i s  t h e  r e s t r i c t i o n
t o  n e g a t i v e  f e e d b a c k ,  and h e n c e  t r a n s m i s s i o n  z e r o s
s h o u l d  p r e f e r a b l y  be i n  t h e  l e f t  h a l f  S - p l a n e  t o  a v o i d
e x c e s s i v e  num bers  o f  e l e m e n t s .  I f  t h e r e  i s  p o s i t i v e
f e e d b a c k  o r  n e g a t i v e  f e e d f o r w a r d ,  t h i s  d i f f i c u l t y  may
be r em o v e d .  An a d d i t i o n a l  o p e r a t i o n a l  a m p l i f i e r  may
be i n t r o d u c e d  i n  s u c h  n e t w o r k s  t o  p r o d u c e  t h e  e x t r a
n e g a t i v e  s i g n .
29L o v e r i n g   ^ i n t r o d u c e d  a n  e l e g a n t  t w o - o p e r a t i o n a l
a m p l i f i e r  m e th o d .  H is  m ethod  c a n  d e r i v e d  by s i m p l i f y i n g
51aM a t th e w s  and  S e i f e r t ’ s t h r e e - o p e r a t i o n a l - a m p l i f i e r  
m e th o d ,  w h ic h  u s e d  two a m p l i f i e r s  f o r  s i g n - r e v e r s i n g .
I n  t h i s  c h a p t e r ,  we i n t r o d u c e  two new m eth o ds  u s i n g
•X-
two o p e r a t i o n a l  a m p l i f i e r s .  The f i r s t  i s  a n  a p p l i c a t i o n
* T h i s  m ethod  was d i s c o v e r e d  i n d e p e n d e n t l y  by  P a u l ^ .
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8ao f  M i l l m a n ’s t h e o r e m  ( n o d a l  v o l t a g e  e q u a t i o n  f o r  a  ' 
number  o f  p a r a l l e l  b r a n c h e s ) .  The s e c o n d  i s  a n  RL 
a d m i t t a n c e  r e a l i z a t i o n  d e r i v e d  f ro m  S e c t i o n  4 . 2 .
7 . 2  Appl i c a t i o n  o f  Mi l l m an’ s t h e o r e m
8aM i l l m a n ’ s t h e o r e m  c s t a t e s  t h a t  t h e  o u t p u t  v o l t a g e
Yq i n  R i g . 7 . 1  i s  g i v e n  by
n
V T yo ™ r
n
T y  e r  r ( 7 . 2 . 1 )
w he re  t h e  e a r e  v o l t a g e  s o u r c e s  and t h e  y r  a r e  
a d m i t t a n c e s .
*1
'1
y* yn
-e w n
V
R i g . 7 . 1  A number o f  p a r a l l e l  b r a n c h e s ,  e a c h  c o n s i s t i n g  
o f  a n  a d m i t t a n c e  an d  a v o l t a g e  s o u r c e
I f  n  = 3f and
el = V  e2 = - TTh + K irV  e3 = 0
y l  = Yl ’ y 2 = y 3 = G’
( 7 . 2 . 2 )
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t h e n  we h av e
V = o
V
i . e .  —  =
YxYi  -  Y2Y. -f KY5Vo 
Yl  + 2S 
Yi  -  y 2
Vi  Y1 + 2G + U - K ) ? ,
I f  we t a k e  K = 2 ,  and  w r i t e
Y3 = 2G + Y4
( 7 . 2 . 3 )  becomes t h e  u s e f u l  fo rm  
Vo
V
Y1 -  Y2 
Y1 -  Y4
( 7 . 2 . 3 )
( 7 . 2 . 4 )
( 7 . 2 . 5 )
Y1
s
e_ =V. o-1 l
Y
* 2
\
- A A / \ A -
© — # •
•■vw- 
G-
B
-o V
G/K £ y 3“ G
~aA /V s -
e^=03
B i g . 7 .2 c i r c u i t  r< 7 . 2 . 2 )
B i g . 7 . 2  shows a  d i r e c t  r e a l i z a t i o n  o f  ( 7 . 2 . 2 )  u s i n g  
o p e r a t i o n a l  a m p l i f i e r s v
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S i n c e  Y^ and f e e d  c u r r e n t s  t o  t h e •i n p u t s  o f  t h e  
two a m p l i f i e r s  h a y i n g  t h e  same o u t p u t  t e r m i n a l ,  one o f  
t h e s e  a m p l i f i e r s  may he removed by c o n n e c t i n g  Y^ t o  p o i n t  
A. The r e s u l t i n g  c i r c u i t  w i t h  K = 2 and Y^ g i v e n ' b y  
( 7 . 2 . 4 ) ,  i s  shown i n  B i g . 7 . 3 .
V o *
i
JL
Y,
Y
A ^-VvAA—
\  y 2=s
-oi)— 9— y w ----*----&
A
2G-
a i * - - - - - C-oc
C
y 3=G
4*  A / V \ A -
V
B i g . 7 . 3  T w o - a m p l i f i e r  c i r c u i t  r e a l i z i n g  ( 7 * 2 . 3 )
I f  t h e  o u t p u t  v o l t a g e  i s  t a k e n  f ro m  C i n  B i g . 7*3 ,  
t h i s  s e c t i o n  c a n  be d i r e c t l y  c a s c a d e d  w i t h  a  s i m i l a r  
s e c t i o n ,  and  ( 7 . 2 . 5 )  i s  r e p l a c e d  by
V Y -  Y
= - 2  1 2
V.l Y -  Y 11 x4
( 7 . 2 . 6 )
Exam ple  7 . 1
To r e a l i z e  t h e  s e c o n d - o r d e r  a l l - p a s s  Bade d e l a y ,  
F ( S )  = Sh ~  £ S- it-U L - ( 7 . 2 . 7 )
+ 6S + 12
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a s  Vo/ V i  u s i n g  B i g . 7*3
We may w r i t e  B(S)  a s  
V_ S + 3 .4 6 4 1  -  .-*=2.,9 5 s ,., S + 5 .4641
V. S + 3 . 4 6 4 1 0 .9 2 8 2 S
S + 3 .4 6 4 1
21au s i n g  H o r o w i t z  d e c o m p o s i t i o n  , and t a k e
1 2 .9 3 SY-  ^ = S + 3 . 4 6 4 1 ,  Y2 = _ 0 .9 2 8 2 S
S + 3 .46 4 1  ^
The c o m p le t e  c i r c u i t  i s  shown i n  B i g . 7 . 4 .
3 . 4 6 4 *0"
a / v \a -
S+ 3 .4641
V. o- 1
-J
1 2 . 9 3 IT , 3 .732B 
— A/Wx 1 i j -  *
0 .2679B
0 . 9282Xr
- A / V ^
l i r
~o&>— 4—AA/V—
\2 v  i v
*  L  - A A \ a .
I t t  
4— V v v 1-
~o y
B i g . 7 . 4  C i r c u i t  r e a l i z i n g  ( 7 . 2 . 7 )  i n  t h e  fo rm  o f
7 . 3 .  R e a l i z a t i o n  o f  a Rh d r i v i n g - p o i n t  a d m i t t a n c e  u s i n g  
two o p e r a t i o n a l  a m p l i f i e r s
I n  t h i s  s e c t i o n ,  we i n t r o d u c e  two new m eth od s  o f  
r e a l i z i n g  a  RL d r i v i n g - p o i n t  a d m i t t a n c e  u s i n g  two o p e r a t i o n a l
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a m p l i f i e r s .  T h i s  i s  an  e x t e n s i o n  o f  S e c t i o n  4*2 .  H av in g  
r e a l i z e d  t h e .R L  a d m i t t a n c e ,  t h e  s y n t h e s i s  p r o c e d u r e  g i v e n  
i n  S e c t i o n  4*3 c a n  he a p p l i e d  i m m e d i a t e l y .
The f i r s t  m ethod  ( S e c t i o n  7 . 3 . 1 )  u s e s  t h e  p r i n c i p l e  
o f  a  b a l a n c e d  b r i d g e  and h a s  t h e  same d i s a d v a n t a g e s  a s  
g i v e n  i n  S e c t i o n  4 .3 ?  i t  c a n n o t  be d i r e c t l y  c a s c a d e d  and 
t h e r e  i s  no c o n t r o l  i n  D .C. g a i n .  The s e c o n d  m ethod 
( S e c t i o n  7 . 3 . 2 )  w i t h o u t  t h e s e  d i s a d v a n t a g e s ,  i s  a
t
t r a n s f o r m a t i o n  o f  R i g .  4 . 6  by means o f  a  T h e v e n in  v o l t a g e  
g e n e r a t o r .
7 . 3 . 1  By means o f  a b a l a n c e d  b r i d g e  w i t h  a  common e a r t h  
f o r  t h e  a m p l i f i e r s  ( R i g . 7 . 5)
The h i g h - g a i n  a m p l i f i e r  o f  R i g . 4 . 3  s u g g e s t e d  by
p ~  p r
S t u a r t  an d  Lampard d oes  n o t  h av e  a  common e a r t h  f o r  
i n p u t  and  o u t p u t .  We now i n t r o d u c e  a n  a l t e r n a t i v e  way o f  
a m p l i f y i n g  t h e  p o t e n t i a l  a c r o s s  CD, u s i n g  two o p e r a t i o n a l  
a m p l i f i e r s  h a v i n g  t h e  same common e a r t h .
, To o b t a i n  Yq -  V^, we f i r s t  o b t a i n  -Y ^ ,  by means 
o f  a  s i g n - r e v e r s i n g  a m p l i f i e r ,  and s i n c e  E i s  a t  v i r t u a l  
e a r t h  p o t e n t i a l ,  we h ave
-  191 -
- V i  + V 2 0
I f  Gx = G9 , t h e n  = YtD C
( 7 . 3 . 1 )
( 7 . 3 . 2 )
T h e r e f o r e  t h e  b a l a n c e  c o n d i t i o n  i s  a g a i n  o b t a i n e d
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P i g . 7 . 5  B a la n c e d  b r i d g e  u s i n g  two o p e r a t i o n a l  
a m p l i f i e r s
7 . 3 . 2  Method d e r i v e d  f rom
I f  we r e p l a c e  t h e  c u r r e n t  s o u r c e  o f  P i g . 4 . 6  by an  
!
e q u i v a l e n t  T h e v e n in  v o l t a g e  g e n e r a t o r ,  t h e  s o u r c e  i s  now 
a c u r r e n t - c o n t r o l l e d  v o l t a g e  s o u r c e  w i t h  a  common e a r t h .  
T h i s  may be r e a l i s e d  by two o p e r a t i o n a l  a m p l i f i e r s  w i t h  
a p p r o p r i a t e  f e e d b a c k  ( P i g . 7 . 7 ) .
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P i g . 7 . 6  P i g . 4 . 6  w i t h  t h e  c u r r e n t  s o u r c e  r e p l a c e d
t “
by a  T h e v e n in  v o l t a g e
-  — e - ..A VV
P i g . 7*7 P i g . 7 . 6  w i t h  t h e  c u r r e n t - c o n t r o l l e d  v o l t a g e
s o u r c e  r e a l i z e d  by two o p e r a t i o n a l  a m p l i f i e r s
The n e tw o r k  may be c a s c a d e d  w i t h  a  RC t h r e e - t e r m i n a l  
n e t w o r k  a s  d e s c r i b e d  i n  S e c t i o n  4 .3*  I f  we t a k e  t h e  o u t p u t  
v o l t a g e  f ro m  P i n s t e a d  o f  A, t h e  s e c t i o n  c a n  be c a s c a d e d  
d i r e c t l y  w i t h  s i m i l a r  s e c t i o n s ,  and t h e  B.C.  g a i n  i s  
c o n t r o l l e d  by G^/G w here  G- c a n  h a v e  any  d e s i r e d  v a l u e .
CONCLUSIONS
I n  g e n e r a l ,  t o  r e a l i z e  a  h i g h - o r d e r  d e l a y  t r a n s f e r  
f u n c t i o n ,  d i r e c t  c a s c a d i n g  o f  s i m p l e  l o w - o r d e r  s e c t i o n s  
( C h a p t e r s  3 and  5) s h o u l d  he u s e d .  However ,  when t h e r e  
a r e  t r a n s m i s s i o n  z e r o s  i n  t h e  r i g h t  h a l f  S - p l a n e , t h e  
s y s t e m  w i t h  t h e  a d d i t i o n a l  f e e d f o r w a r d  p a t h s  ( C h a p t e r  6) 
i s  p r e f e r a b l e  i n  o r d e r  t o  a v o i d  e x c e s s i v e  num bers  o f  
p a s s i v e  e l e m e n t s .  R or  a l l - p a s s  n e t w o r k s ,  t h e  a m p l i t u d e /  
f r e q u e n c y  r e s p o n s e s  a r e  s e n s i t i v e  a t  n e a r l y  t h e  f r e q u e n c i e s  
w here  maximum g r o u p - d e l a y s  o c c u r ,  s p e c i a l l y  where  t h e  p o l e s  
and  z e r o s  a r e  n e a r  t o  j a x i s .
The new m ethod  o f  u s i n g  a n  RL a d m i t t a n c e  ( C h a p t e r  4) 
c a n  g i v e  t h e  minimum s e n s i t i v i t y  o f  t h e  d e n o m i n a t o r  c o e f f i ­
c i e n t s  o f  a  t r a n s f e r  f u n c t i o n  t o  v a r i a t i o n s  i n  t h e  a c t i v e  
e l e m e n t  p a r a m e t e r s .  The r e a l i z a t i o n  o f  an  RL a d m i t t a n c e  
c a n  a l s o  be  a c h i e v e d  by u s i n g  two o p e r a t i o n a l  a m p l i f i e r s  
( C h a p t e r  7)
The t r a n s p o s i t i o n  p r o p e r t i e s  d e s c r i b e d  i n  C h a p t e r  2 
g i v e  a n  i m p o r t a n t  f a c i l i t y  i n  a c t i v e  n e tw o r k  s y n t h e s i s ,  
and  t h e y  h a v e  b e e n  p r o v e d  and a p p l i e d  i n  t h e  s y n t h e s i s  
p r o c e d u r e s .
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S u g g e s t i o n s  f o r  f u r t h e r  i n v e s t i g a t i o n s
C h a p t e r  2 shows t h a t  a d d i n g  a  c o n t r o l l e d  s o u r c e  
t o  a  r e c i p r o c a l  n e tw o r k  i s  e f f e c t i v e l y  a p p l y i n g  o p e r a t o r s  
t o  a  n o d a l  a d m i t t a n c e  m a t r i x .  T h e r e f o r e ,  t o  r e a l i z e  a 
t r a n s f e r  f u n c t i o n  we c a n  f i r s t  w r i t e  t h e  t r a n s f e r  f u n c t i o n  
a s  a r a t i o  o f  two d e t e r m i n a n t s  and  t h e n  t r a n s f o r m  them 
t o  a  m a t r i x  s a t i s f y i n g  p a s s i v e  n e tw o r k  p r o p e r t i e s  by 
i n t r o d u c i n g  o p e r a t o r s .  T h i s  i s  a  p o s s i b l e  m ethod  o f  RC 
a c t i v e  n e tw o r k  s y n t h e s i s  w h ic h  i s  w o r t h  l o o k i n g  i n t o .
S e n s i t i v i t y  o f  a  t r a n s f e r  f u n c t i o n  t o  a c t i v e  e l e m e n t  
p a r a m e t e r  v a r i a t i o n s  i s  a n  i m p o r t a n t  p r o b le m  i n  RC a c t i v e  
n e tw o r k  s y n t h e s i s .  The a u t h o r  h a s  t a k e n  f o r  g r a n t e d  t h e  
p e r f o r m a n c e  o f  s t a b l e  common-base t r a n s i s t o r  a m p l i f i e r s .
I n  p r a c t i c e ,  i t  i s  i m p o r t a n t  t o  i n v e s t i g a t e  w ha t  t o l e r a n c e s  
a r e  a l l o w a b l e  f o r  a c t i v e  and p a s s i v e  e l e m e n t s  o f  a  n e t ­
work  t o  g i v e  r e s p o n s e s  w i t h i n  s p e c i f i e d  l i m i t s ,  and  a s  
y e t  t h e r e  i s  no s a t i s f a c t o r y  m ethod  a v a i l a b l e  i n  t h e  l i t e ­
r a t u r e .
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